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Engineering circles in the Netherlands learned with satisfaction of the decisiont 
taken in 193^ st the First Internatioaal Conference on Soil Mechanics at CaBteidgStto 
hold the Second Conference in the Netherlands. At the tine of seating of the First Con- 
f6renc3 a general interest nanifested itself in the Netherlands for soil aechanios.At 
the Technical University of Delft the Laboratory of Soil Mechanics t some years pre- 
viously established » was in full developnent and already nunerous practical problems 
came in from the field for consideration and advice. The foundation and the develop- 
ment of this laboratory are due in the first instance to the Initiative and the de- 
voted work of the late l^of.Xr. A.S. Eeverling Buisman. 


Those who have followed the pioneer work of Buisman with the greatest of appre- 
ciation, feel it their sad duty to commemorate his career and his merits on the oc- 
casion of this conference. 

After having obtained his degree of civil engineer in 1912, Buisman entered the 
service of the Hollandsche Bet on Maatschapp^, where he found an extensive sphere of 
action both in this country and in the Netherlands East Indies. Already during this 
period his name became known by the publication of some papers, mainly on the subject 
of Applied Mechanics and in 1919 be was appointed profes60|to^ this subject in the Ci- 
vil Engineering Department of the Technical University of Delft. 

In his inau^^al address "The science of applied mechanics and economical design” 
Buisman showed himself to be an engineer with a broad and practical vision. He quali- 
fied Applied Mechanics as the civil engineering science par excellence, stressing the 
part played by this science in the development of the constructive feeling of the ci- 
vil engineer. For it does not stiff ice to calculate a once chosen construction in an 
economical manner* In the first place the general concept and the fundamental shape 
must be as favourable as possible- To achieve this, more than just knowledge and the 
application of formulas is required. 

On their local, often water logged soils of poor bearing capacity the Dutch have 
succasfully achieved the solution of problems of earth-works, foundations etc., the 
costs of which often constitute a considerable part of the total construction costs- 
More often here than elsewhere it is seen that the vast difference in soil conditions 
under structures that must fulfil similar requirements, may lead to totally different 
concepts, dependent on the locality where they are situated. 

Is it any wonder that Buisman, true to this principles to further economical 
construction, \mder stood that a more scientific investigation on the problems in the 
sphere of soil mechanics was urgently required? 

The occasion that caused this study to be taken in hand effectively came when 
some failures of earth constructions occurred with serious consequences^ The railway 
accident at Weeap in 1918 as a result of the failure of the embankment at the approach 
of the railway bridge over the Merwede Canal and the bursting of the di.kes of the 
Zuiderzee in 1916, causing extensive flooding, lead in 1920 to the Installation of 
a committee of inquiry into foundation soils, in which Buisman sat as a member. 

From now onward Buisman directed his efforts more and more towards the study of 
soil mechanics, efforts that were destined to yield such rich harvest for our 
country. 



Hia practical experience had already convinced hin that progreaa was only posa- 
ihle after a acre exact insist bad been acquired ixxto the aechanlcal properties of 
the 8oll« the necessary basis on which the theory xust be founded* His first preli- 
minary tests in the field and on samples taken in the field were done in a rather pri- 
mitive way* In later years he used to enjoy memories of hours at home, whan, assisted 
by his family, he peirformed experiments in order to measure the angles of repose of 
slopes, shearing resistances etc* 

The preparation in the Netherlands of large works each with their typical soil 
problems, in the solution of which Buisman was given an increasingly active part, soon 
gave rise to a general feeling that a scientific centre for the study of soil mecha- 
nics was indispensable* 

The publication of Terzaghl*s work In 1923 Seted as a stimulant on Buisman to 
push his studies ahead and to persevere in his efforts for a speedy establishment 
of a well equipped laboratory* At first financed by Buisman' s private means and la- 
ter on aided by the Delft University Foundation the Laboratory of Soil Mechanica at 
the Technical University came into being in the years 1930 and 1931 on his Initiative 
and at first under hie direction* The need for this laboratory appeared to be such, 
that the number of inquiries showed a steady increase and soon the funds were aug- 
mented to such an extent that a healthy growth came within possible reach* It is the 
merit of Bulaaan, that he wa^^he first to understand these possib lilt lea and to pro- 
mote the Indicated development to the best of his capacities, thereby not losing 
sight of the fact that ultimately the laboratory should be the scientific centre for 
the Netherlands, where the new science should be vigorously furthered* He himself 
showed a lasting interest in the scientific section of the laboratory as evidenced 
by his many publications during that tine. 

About 1930 Buisman started to develop the cell apparatus, In which it was poss- 
ible to effect any desired combination of the principal s'^resses, from neutral to 
critical* 

By means of the "cone apparatus" Buisman tried to determine the sheering resist- 
ance of the soil sample by applying a load on the cone and by measuring the resulting 
depth of penetration into the sample* 

Formulas, based on the relating studies of Prandtl for metals, showing the rela- 
tionship between penetration depth and shearing resistance, were derived by him. For 
field investigation this apparatus was developed into the apparatus now known as the 
deepsounding apparatus, by means of which it became possible to estimate the point re- 
sistance of piles within fairly narrow limits. Some thousands of deep-soundings have 
since been made, both in this country and abroad. 

Comparative observations, in the field as well as in the laboratory created in 
Buisman the conviction that the so called layer-thickness-effect for. highly compress- 
ible soils of low permeability is not so great, at least for soil conditions in the 
Netherlands, as it would be according to the hydrodynamical consolidation ttiaory of 
Terzaghi, He explained this by starting from the assumption of a "heterogeneous per- 
meability" i.e. by assuming that tiie soil mass consists of systems of low permeabili- 
ty arranged alongside of systems with wide pores. On the time needed for the expul- 
Sion of moisture from these systems the thickness of the layer would play a less im- 
portant part liian in the case of "homogeneous permeability". Be it noted that the idea 
of idiysically adsorbed water was already present to his mind* 



Another iapcrtant contribution was tbo tboor^^ foxttuintod in cooperation with 
others, about the flow phenonena of the continuous capiXlarj groundwater which, as 
demonstrated by experinents, follows the sane laws as the **pfareatlo” water. As far 
aa we know this ia the first tine that equilibrium computations by means of the so- 
called Swedish method of asauned curved aurfacea of sliding, were performed, taking 
separately account of positive and negative water pressures. 

Lastly, mention should be made of his studies on stress distributions in the 
soil, especially at earth retaining structures, where he took into account the rela- 
tive deformations of soil, piles and sheet piling* An example of this la given In the 
article No* 7 b 4 adapted by Ir. T.N* HulzlDga, Director of the Laboratory of Soil 
Mechanics at .Delft* 

In his book "Grondmechanlca”, published In 1940, Bulaman gave an excellent sur- 
vey of the position of modem soil mechanics* 

In 1939 he departed for the Netherlands East Indies to give s course of lectures 
at the Technical University of Bandoeoog. Prevented from returning by the occupation 
of the Netherlands by Germany., he made a virtue of nee«sity and proaecuted his stu- 
dies vigorously. A new edition of his text-book, enlar|g|^^|lth typical local problems, 
was published there. 

During the Japanese occupation of the Netherlands East Indies Bulsmsn was intern- 
ed in 1943* We were not to have the privilege of seeing him again* in the camp he con^ 
tracted an Illness, from which he did not recover and an active life, vhlch still 
showed much promise, was broken off* 

To his friends, colleague*8 and collaborators who had looked forward to renewed 
cooperation with Buisman, the consolation is given to remember that the work still 
proceeds In his spirit* 


Q.H. van Mourik Broekman< 
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PREPACE OF THE COMMITTEB OR ORGAJISATION 


When the exceptional success of the First International Conference 
on Soil UechanlcB and Foundation Engineering had prompted the desire to 
hold similar Conferences at regular Intervals^ it was not long before 
the idea to hold the Second Conference in the Netherlands had receiTed 
consideration* However » the Second World War prevented such Inten* 
tion from materialising at the time originally foreseen. 

How that the moment has arrived to prosecute the once ehendoned 
plansi the Netherlands Government and the Ifuniclpallty of Rotterdam hare 
invited the Permanent Committee of the International Conference on Soil 
Mechanics and Foundation Engineering to call the second Conference in 
the Netherlands. Although this Is no longer the prosperous country of 
years gone hy and although few countries emerged from the struggle more 
damaged and more plunderedi it Is the pride of government and nation to 
show how much their energy and resources are harnessed to the reoQOStrue- 
tion of the devastation wrought by the war. In thia context it la sym* 
bolic that Rotterdami the town that was damaged most, has offered to be 
the seat of the Conference. 

It Is with these considerations in mind that the Committee on Oxv 
ganisation has assumed its task with great pleasure. It la glad that the 
preliminary announcemepts concerning the Conference have met with a wide 
response over the whole world, so much sot that the size of this Confe- 
rence is likely to exceed the expectations which were foimded on the 
experiences gained at Cambridge during the First Conference. It should 
be clear that this means a heavy strain on the available resources in a 
country, idiere three years ago no machines or supplies of any kind, no 
food noi the simplest daily re^uireasnt were to be bad. 

The Committee therefore Invokea the clemency of the nembera of the 
Confeirance, should they not find everything up to the standard they 
would have expected on a similar occasion in pre-^ar days. 

J.P. van Bruggen, president 
T.E* Huizinga, secretary 
E.C.W.A. Geuza 


PBEFACB BT THE gPITOHTAL omoiiwa 


On the occasion of the ^Mlcatlon of the first two toXums of pa^ 
pars for tha Sacond Intamatlonal Confer anca on Soil Machanies and 
Foundation Saginaaringf the Editorial Comittaa faals t^t a stataaant 
would ta appreciated on the line taken for the conposition of these 
Frocaedings. 

The great nunher of prospaetiTa contributions made the CoHiittae's 
taak to ensure tlnely distribution of the bound and printed copies of 
the Yolunes difficult* On the 2^ of JanuarsT of this year only ^7 pa- 
pers out of a total nunbar of 460 proalaad« vara racalTad by the Coamit- 
tea* Although part of the preparatory vorkt especially the classifica!- 
tion according to the subjectSi had already bean undertaken - based on 
the suBBarias previously racaiTOd - the major part, vis* the prepara- 
tion of the material for the printer, had to await the axriTal of the 
complete papers* The delay in the forvarding of tiieae pepera has contri- 
buted to make the taak of the Oommittee heavy* 

In these circumatancea, it has been found necessary to deviate 
from the initially set irineiples In two respects, via: 

1^ While it has been tried to avoid undue splitting-^ of sections and 
sub-sections over the various volumea, papers have bean placed in 
order of their arrival more often than was fooreseen* 

Tha definition of the sabjeeta of the various mib-seetions had been 
baaed on the sunarlea received* A number of papers however have 
been submitted of which no previoua aunary had been sect* Therefore 
the classification does not neoeaaarily cover all the papers as fi- 
nally published* 

AlteratioxuB in the author 'a text have been limited to the make-up 
and to obvious errors of typing and spelling* 

The Coamlttee apologises for any errors, which nay iiave ocenrrad 
in the papers in the process of preparation for printing* It aaika mem* 
bora to view these in the light of the difficulties outlined above* 


S* Heimiaga, Fresident 
6,A* Oosterholt, Secretary 
S*C*1*1* Geuae 
A.V* Eoppejan 
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SBCtlOI I i THB0RIB8, HHOTIBSKS, COIJSIOmflOliS 
OF 1 (3RBHAL CHARACfBa 


Sub^s^ctiomi i 

a* general conaiderations 
b* geology and soil aeohanice 

c« physical and physico-cbeaical nropertlea of aollo 

d« stress-streln relations; consolidation 

e« shearing strength and equilibrium of soils 

f • earth pressure 

g, stress distribution 

h« rlbrations and ■atheaatieal pcrobleais 

i« aiscellsneous 


S B C T 1 0 H II> UBOaiTOaX IHVBSTIGATIOHS. 


8nh*sections t 


a« gezMTal 

b« identlfieatiozi tests 
e. consolidation tests 
d. triaxial tests 
e« direct shear tests 
f* electro-osaosis 
g. miscellaneous 


SECTION ni; flSU> INVESTIGATIONS. 


Sub^sections t 


a, boring and ssiteling 

b« neasureadnts ox special soil proMrtles 

c« measureaents of pressures and deformations 


d* Tibratlonal research 
e* aerial photographing 
f. areal studies 
g» 1id.aeellsneoua 


SECTION IV: STABILITT AND UBPOHMATIONS OP EARTH 
CONSTRUCTIOHS. 


Sub-sections : 

a. embankments of highways and railroads 
b» dans and levees 
c* excavations and slopes 
d. niscellsneous 

SECTION V: BARTH IRBSSURB; STABILITr AND DISPLACE- 
MENOB OP RBTAmNG CONSTRUCTIONS. 


Sub-sections : 

a. earth pressure against rigid vertical walls 

b. earth pressure against flexible vertical malls 

c. earth pressure against underground constructions 



SECTION VI: FOUNDATION PRESSURB AND SETTUBMENTS OP 
BUILDINGS ON FOOTINGS AND RAFTS. 


Sub-sectiona ; 

a* measurements of settlements and comparison with theory 
h. measurements of stress distribution in the contact face 
c. influence of groundwater 
d* special problems in foundation engineering 

SECTION VII : PILE FOUNDATIONS » PILE LOADING TESTS. 


Sub-sections: 


a* settlement and bearing capacity of piles 
b* horizontal pressures on pile foundations 
c. special problems 

SECTION. VIII : PROBLEMS OF ROAD AND RtmUAX CONSTRUCTIONS 


Sub-sections ; 

a* test sections 

b. methods of flexible pavement design 
c* methods of rigid pavement design 
d. design and construction of some roads and airfields 
e# investigations on failures, drainage and frost action 
f» miscellaneous 


SECTION IX; IMPROVEMENT OF THE MECHANICAL PROPERTIES 
OF SOIL. 


Sub-sections : 

a. general considerations 

b. mechanical methods 

c. physico-chemical methods 

d. physical methods 

SECTION X ; GROUNDWATER PSOBIEMS 


Sub- sections : 

a* general groundwater investigations 
b. seepage problems of dams and levees 

SECTION XI ; SUGGESTIONS FOR INTERNATIONAL COLLABORATION 
EXCHANGE OF INFORMATIONS. 

SECTION XII ; SUBJECTS OP A GENERAL CHARACTER. 


Sub-sections ; 

a« Classification of Soils 

b« Information on existing institutions and persons working 
in the sphere of Soil Mechanics and their sphere of 
action. 

(This information will be used to improve international 
collaboration) . 

c* National exposition of the latest developoient and ideas 
in the sphere 6f Soil Mechanics, with a report of 
llteratxire. 



SECTION I 

HggOBIBS. HEPOmBSES. CONSIBERAHOIfS Qg A CaHSMX CffAHAOTUB 


SUB-SECTION la 

GEHBRAl OOlfSIDBBAaJOaB 
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BAHLY EESTORI AND BIBLIOGEAPHT OP SOIL MBCHAffICS 
tTACOB FSIiD| 

CoDsultizig Bogioeeri Kew York, K> Y« 


IHTRQDUCTIQir , 

Both the art and the aclence of control 
and utilization of soil as a building ante- 
rial haye their beginnings in prehistoric 
days* Soae ten thousand years ago, Neolithic 
man built huge earth aounds to mark burial 
sites or for other commeinoratiye, or possibly, 
useful, reasons. Mound building was continued 
by the early Greeks, the early Saxons, and 
even by the prehistoric American Indians, and 
is even now an In^ortant problem in soil me* 
chanics as applied to embankments and earth 
dams. Near Silbury, England, liegolithic man 
built not only a huge mound but also a cir- 
cular ditch to surround his stone erection 
project. Possibly pre*dating any of these 
earth*work8 were the pile foundations erect- 
ed for supporting the shelters of Neolithic 
man along lake shores. Earth tunnelling dates 
back to at least 800 B.C* in the Persian un- 
derground galleries ("Kanats** or ”kareze8”)i 
thousands of miles in total length to tap 
underground water and to artificially dewater 
the sub-soil. The art of this method of water 
production was brought to Egypt by Etcylox 
about 5^ B.C. , in the irrigation of the El 
Khargeh oasis, and its use spread as a stan- 
dard method from Baluchistan to Horrocco. 

Archeologic explorations indicate very 
little positive information of knowledge on 
the necessity for foundations under ancient 
structures. When structures settled too much, 
they were demolished and the rubble was used 
as a base for the succeeding structure. A 
critical examination made in 1931 by the writ- 
er of the walls of Jericho (fdur levels) as 
exposed in the excavations made there by Ma- 
jor Toulok, indicated that a special layer of 
stones had been placed as a base for each 
succeeding wall. The lowest construction dates 
back to about 2400 B.O. Major Toulok was quite 
convinced tliat he had solved the mystery of 
the Jericho wall failure when Joshua (1400 
B.C.) took the city. The excavations showed 
the foundation tier of stones (for the wall 
of that period) displaced laterally to the 
outside and tipped forward, as if a trench 
had been dug along the bottom of the wall to 
undermine the base. A possible solution to an 
age old question, and an application of soil 
mechanics knowledge. 

Ancient and mediaeval philosophers con- 
tributed to many sciences ahA there are refer- 
ences in the technical literature of the 17th 
and 18th centuries which gave credit to Gali- 
leo, Lambert, and others* for basic ideas. The 
existing contributions in earth and soil stud- 
ies, as an independent problem, date from the 
latter part of the 17th century. From the 
French military engineers, there came a suc- 
cession of empirical and analytical analyses 
of earth pressures and earth slopes, neces- 
saiy data for the design of fortifications* 


During the same period, the English seem to 
have been more interested in the study of soil 
control and classification for application to 
agriculture. About the middle of the 16th cen- 
tury, contributions on lateral earth pressure 
beg^ to appear in Italian, Dutch and Swedish 
scientific publications, at first as applied 
to fortifications and later as a scientific 
problem attacked experimentally and analytlc- 
ally. Coulomb *8 essay in 1773 changed the en- 
tire metnoa or approach to the problem of soil 
slopes and lateral earth pressure and was 
closely followed by many experimental attempts 
to prove and to disprove his theoritlcal re- 
sults* Before the end of the 16th century, 
there Appeared contzdbutlons in the French, 
Dutch, German, Italian and Russian scientiric 
societies on Coulomb's theory and modifica- 
tions of the formulae, chiefly simplifications 
to make the results of empirical VAilue. 

In the last quarter of the 18th century, 
Bohms "Magazln** must have been an important 
medium for the dissemination of new ideas, for 
it carried translations into German of almost 
all the contributions found in the printed 
transactions of the scientific societies in 
all the countries of Europe* Extensive sum- 
maries of earlier work are given by Bruninga 
(1803, Dutch) and Mayniel (1806, French)! The 
early part of the century brings studies 
of other soil problems, such as shore erosion, 
pressures on the inside and outside of bins 
and cells, flow of soils from orifices, pile 
foundations and soil control by wood pile and 
by "sand pile" introduction, together with a 
continuous attack on the lateral earth pres- 
sure question. 

The fifty earliest available references 
to soil mechanlos contributions are listed in 
chronological order and a short discussion of 
the various contributions is given as an out- 
line of the history in this subject, to record 
the origins of the study which is the subject 
of this Conference. 


SOIL CLASSIFICATION AND IDBNTIFICATICH. 

In a lengthy disertatlon presented before 
the Royal Society of London on April 29# 1675#. 
Evelyn states that the Ancients classified 
soils as: Greta, Argilla, Smetlca, Tophacea, 
Pulla, Alba, Rufa, Columbia, Macra, Carioaa 
and Rubrica, and that Anathesus Klrchsr in his 
"De Arte Combinatoria" computed that there 
were 179«100.060 dlffeirent sorts of earths, of 
which only 8 or 9 need be considered practic- 
ally. Evelyn describes the methods of identi- 
fication and the expected actions of soils 
found in the three different layers or hori- 
zons: (1) top layer or under-tuif earth, (2) 
soil l^er, which may be loam, clay, plastic 
figulihe, or aaetlc, and (3) sub-soil layer, 
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which nay ha chalk, narla, fullars-earth, 
sandy, gravelly, stony, rock, shallv, coal or 
mineral. Each of the types Is desciibed and the 
suggestion presented that identification can 
he made by the use of the senses; smell, taste, 
touch and sight. Evelyn makes it clear that a 
composition of mixed soils does not exhibit 
t&e properties of all the constituent parts, 
since certain earths Influence the soli hehav*- 
lour far more than one would expect from the 
proportional content. 

^maire (1737) revised the tables for 
f ortiflcat^ion walls developed by Vauban by la- 
troducing the "tenacity” in the earth backing 
as helping the stability of the walls .Previous 
analysis had always been based on the assump- 
tion of a hypothetical solid earth. 

ijuerlonde (17^3) distinguishes between 
three types of soil backfill; vegetation soil, 
stiff earth and sand, having different natural 
slopes, namely 1:1, 3:2 and 1:2. Lorma (1763) 
differentiates between various son types, 
generally divided into four classes: various 
kinds of fresh earth, dried earth, sandy grouz^ 
and sands, which latter may be plain, mineral, 
river or sea sand. Roadelet (1767) divides all 
soil into earth and sand, and his monumental 
work influenced many later authors to disre- 
gard variations in different soils. 

Chauvelot (1783) seems to be the first to 
attempt a son classification by a numerical 
deteimination of physical properties j weight, 
friction and cohesion. When he presented his 
theory of lateral earth pressure determination 
before the Academy of Sciences in Paris (Jan. 

22, 1783), in which he evaluates the pressure 
of any material where the weight, internal 
friction and cohesion are previously deter- 
mined by experiment, that learned body declar- 
ed that the problem of earth pressure was sus- 
ceptible of a rigorous solution. It is strange 
that Coulomb » 8 much more logical anH com^ilete 
solution of the problem was disregarded in 
this pronouncement. 

Pelanges (1788) studied the state of “semi- 
flu idF^T^wETch he enumerated as sand, gravel, 
lead sparrow- shot, millet and similar materials. 
M&yniel (1808) in the practical applications 
or theory to retaining wall design, tabulates 
values for the following soil types; soil fill, 
sand, gravel, rubbish fill and clay fill, sir 
Humphrey Davy (1813), from the agricultural 
point or view, shows that all soils are mix- 
tures of various types of earth, four types 
being most common; aluminous clay, siliceous 
sand, calcareous marie or chalky sand mag- 
nesian. In 1818, an unknown author apparently 
much influenced by Davy, wrote in the “Treat- 
ise on Soils and Manures”, on the subject of 
soil identification: 

"In framing a system of definitions, a 
soil Is to take a particular denomination 
from a particular kind of earth, not exactly 
in proportion as that earth may preponderate, 
or not, over others in forming the basis of 
the soil, but rather in proportion to the in- 
fluence which a particular kind of earth, 
forming part of the sai]!5>le, has." This state- 
ment Is In close agreement with the most mod- 
em recommendations in soil classification md 
identification; 


LATERAL EARTH PRESSUBE THEORIES . 

A large majority of early contributions 
deals with the subject of lateral earth pres- 
sure. In conqparison, the first International 
Conference at Harvard included only three pa- 
pers on the subject, showing that there is 
fair agreement on the solutions of this prob- 
lem in soil mechanics. A "History of the De- 


velopment of Lateral Earth Pressure Theories” 
was published by the author in the Brooklyn 
(N.T.) Engineers' (Uub Prooeedings, January 
1928, and only a summary is included here. 

Revetments for the fortification of cit- 
ies and caops have been built from the ear- 
liest dsys, noteworthy examples being the ma- 
sonry walls of the Romans erected to with^ 
stand the shock of catapult projectiles and 
to retain the earth fills. The walls of the 
mediaeval ages were copies from the Roman 
structures which outlived the empire. The 
earliest existing recorded rules for the de- 
sign of revetments are those of Vauban . the 
great French military engineer, Ci6S7). In 
his treatise on the fortification of fortres- 
ses he mentions the formulas which were used 
in constructing over 150 fortifications of 
various heights, using 4,000.000 cu. yds. of 
masonry. In all probability these rules are 
based upon older empirical rules coupled with 
"cut and try” e^eilment. Vauban assumed that 
his walls would rotate as units about the toe, 
the counterforts acting as Integral parts of 
the wall. He realized that the counterforts 
decrease the acting earth pressure because of 
the frictional resistance along the sides as 
well as by a decrease of the exposed wall area* 
Audoy has shown that the typical Vauban revet- 
ient has a factor of safety of 4.70 for slid- 
ing and 3.80 for overturning, assuming ideal 
condition. 

Bullet of the French Royal Academy of 
Architecture develops the earliest theory bas- 
ed upon the principles of Mechanics (1691), 
Starting with the assumption that all the re- 
tained earth above a 45® plane through the 
heel of the wall tends to slide as a solid 
mass upon this plane, he says that the weight 
of the wall must be to a weight of this wedge 
as the length of the plane of rupture is to 
the height of the wall. 

Couplet (1726) published three excellent 
articles concerning the pressure of earth 
against revetments and the necessary resist- 
ance of revetments to withstand such pressure, 
containing the earliest synthetic earth pres- 
sure theories. In the first article he assum- 
es a frictionless wall acted upon by a fill 
of an infinite number of small spherical 
grains. In 1727, he generalized to the case 
of a rough wall, the pressure now acting norm- 
al to the irregularities or grains in the 
back of the wall, two cases are considered, 
where each grain rests on three or on four 
others f in each case the plane of rupture will 
pass through the toe of the wall. For, he says, 
if the portion of the wall below this plane 
is omitted, the material below the new wall, 
being in the natural state of equilibrium, 
will not move. The method is the same as in 
the first theory, except that the unbalanced 
force may now act obliquely. The general re- 
sult is in the form of a cubic equation from 
the solution of which one obtains the requir- 
ed width of wall for rotational stability, 

Belidor (172^. starting with Bullet's 
assui^tlon of a 45® prism of rupture, inves- 
tigates the action of the wedge by dividing 
it into parts by planes parallel to tbe plane 
of rupture. He summatea the effects of the 
individual sections of earth in causing rota- 
tion about the toe, the earth pressure being 
the horizontal component, and deducted half 
of the resulting overturning moment as a loss 
due to the presence of friction. In any case 
of oblique wall or surcharged fill the wedge 
®£ rupture is the material contained between 
two 45® planes passed through the bottom and 
the top of the back of the wall. 

Querlonde (1743), of the French Militaiy 
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jssfflnsers, refuses to accept the Idea of a 
45^ wedm for all cases, but considers three 
types or soil » yegetation soil, stiff earth 
aM sand, Ihe earth pressure is horitontal, 
however, he says that the sun of the earth 
pressure and the frictional loss aust equal 
the weight of the wedge » Also, the ratio of 
the pressure to the friction loss equals the 
ratio of the height of the plane of rupture 
to the horizontal width. This cones, he says, 
from the principle of the inclined plane. 

Gadroy (1745), tried to prove Belidor's 
theory by experlaent. Using a small model wall 
he found that failure occurred by rotational 
displacement; hence, he concludes that the 
lateral pressure must act at the top of the 
wall. He noticed that the first slip of sand 
did not Include all the material above the 
plane of repose, but be missed the signific- 
ance of this fact, although he went to the 
trouble of investigating the effect of the 
height of fill on the plane of rupture. 

Numerous contributions, usually modifica- 
tions of earlier theories appeared from 1745 
to 1770. Louis de Cormontalgne (1750) advises 
a correction to^Uouplet's theory - his “eveiy 
day practical method" was to take the lateral 
pressure as half the weight of a 45^ prism of 
rupture. Lorgna (1755) assumes the lateral 
pressure to act at 45® and to be equal to the 
weight of the 43® prism of rupture times the 
sine of 45®. ginsky (1765) follows the same 
reasoning to obtain the overturning moment, 
and Ypey (1765) bases his theory on a 45® 
plane of rupture passing through the toe of 
the wall. 

S^lonyer (1767) of the French Depart- 
ment of Fortification resolves the weight of 
the prism, of rupture, assumed to slide on the 
plane of repose, into two components, one of 
which acts parallel to this slope and Is equal 
in magnitude to the weight of the wedge. TMa 
tangential force acts through the center of 
gravity, and is resolved into horizontal and 
vertical components at the back of the w^l. 
The overturning moment is the algebraic sum 
of the moments of these two forces about the 
toe. The width of the wall is found 'by equat- 
ing the moments causing and resisting over- 
turning. Blaveau woj^ed with Sallonyer and 
develops a^ similar theory. The lateral press- 
ure has the same direction and point of ap- 
. pile at ion hut its magnitude is the component 
of the weight of the wedge parallel to the 
plane of rupture. In calculating walls he dis- 
regards the vertical component of this press- 
ure. A great advance was his generalization 
from the case of a 45® wedge to the wedge with 
an undetermined angle. 

Rondelet in describing his earth pressure 
theory makes no mention of any previous author 
except Belidor. Rondelet decomposes the weight 
of the wedge into components parallel and per- 
pendicular to the plane of slope . The tangent- 
ial force acting through the center of grav- 
ity of the wedge is the earth pressure. Bi^eri- 
mentally he deduced that the pressure Is al- 
ways caused by a wedge sliding on- the plane 
of slope, which both for sand and earth is a 
45^ slope. At about the same time, according 
to llayniel, the Department of Fortificatloy 
was using this theory with tHe reduetTon 6t 
the tangential component by the frictional 
resistance along the plane of slope. Other 
engineers were resolving the weight of the 
wedge into two components, one horizontal and 
thS other normal to the plane of slope. 

Trlncano goes back to the assusq^tion of 
a 45® wedge causing a horizontal pressure at 
2/5 h, but says that Its value is 1/4 of the 
weight of the wedge. The Italian engineers, 


including d* Antony (1766). all assumed a 45® 
wedge of rupture. D* Antony made the stne as- 
sumptions as in Trlncano* 8 theory and also re- 
commended that the face of the wall be made 
parabolic In section since the pressure varies 
as the square of the depth. Another assu^tioo 
in his theory was that the friction along the 
base of the wall aided the stability against 
overturning. 

Up to 1775f all the attempts at the the- 
oretic determination of the lateral pressure 
of granular materials began with the assump- 
tion of a definite plane of rupture, usually 
the plane of slope. Coulomb eliminated this 
assumption by deriving an expression for the 
pressure caused by a general wedge. Then let- 
ting the first derivative, with respect to 
the variable wedge angle, equal to zero, he 
obtained the value of the wedge angle corres- 
ponding to the maximum pressure. In this way 
he introduced the idea that a wall must be 
designed to withstand the maximum pressure; 
previous investigators had not considered the 
possibility that their methods might not pic- 
ture the wordt case. 

Coulomb *6 essay on the application of the 
rules of^maxlma and minima to the statics of 
construction (1775) gives a remarkablv com- 
plete analysis of the action of granular mate- 
rials. He uses as his basis the laws of fric- 
tion and cohesion for solid bodies which be 
assumed also hold for granular bodies: 

1) The frictional resistance on any surface 
is equal to a constant, the coefficient of 
friction, times the normal pressure on that 
surface. 

2) The cohesion resistance is equal to a con- 
stant times the area of the surface. 

With hut few exceptions, later writ era have 
accepted these laws. Coulomb further assumes 
a plane surface of rupture for convenience of 
evaluation, and sliding of that wedge which 
will cause the maximum pressure. He gives no 
proof for this; later investigators have shown 
that these two assumptions are not consistent, 
for wedges bounded by curved surfaces of rup- 
ture may cause greater lateral pressures than 
Coulomb's wedge. The pressure exerted by this 
wedge is due to its weight and is decreased 
by the frictional and cohesive resistances 
along the plane of rupture. Disregarding fric- 
tion along the wall, the pressure la horizon- 
tal, However, he states, if the wall Is rough, 
there is frictional resistance, equal to the 
normal lateral pressure, times the coefficient 
of friction, which resistance must be subtract- 
ed from the weight of the wedge whenever there 
is motion between the wall and the fill. 

To allow for cohesion, the true pressure 
equals the value obtained by disregarding co- 
hesion less the pressure on the height of 
earth which is naturally self-sustaizxing. No- 
where in his discussion does he make mention 
of the angle of repose; Ms theory considers 
only the coefficient of friction inside the 
mass. 

Woltynn (1790) translated Coulomb's the- 
ory into German and sin^lifled the resulting 
equations by assuming that the tangent of the 
angle of repose was the coefficient of -intern^ 
al friction, to a very recent date tMs as- 
sumption has been included In practically 
every description of "Coulomb's theory." Pro- 
52^ (1797) sii^llfied Coulomb's discussion 
Introducing trigonometric functions, and show- 
ed that, if the tangent of natural slope Is 
the coefficient of friction, for the case of 
a vertical wall, the plane bounding the wedge 
maximum pressure bisects the angle between the 
wall and the natural slope. Since the coef- 
ficient of friction is a constant, the natural 
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elope and the plane of luptpre are constant, 
Coulosb used the vldth of tb» wedge ae the 
variable with respect to which he different- 
iated to obtain the condition for a aaziatum, 
Prony used the angle of the wedge ^ ^lich is 
really the independent variable; the width of 
the wedge is a function of this angle and the 
height, Prony* 8 method is the more general one 
for it nay be used where the surface of rupture 
is not assumed as plane, 

Mavniel (1808) extended the wedge theory 
to the case of a sloping wall, assuming the 
pressure as normal to the bach, and taking in- 
to consideration the friction and cohesion 
along the plane of rupture and the friction 
along the back of the wall. He does not accept 
the assumption of the equality of the angles 
of friction and natural repose, though he men' 
tlons that Frony had made such an assumption. 
The mathematic A work is very detailed and 
complicated, but as be says; ”That is because 
of the general nature of the solution; we must 
take into account all the points of the prob- 
lem,** In summarising pi^evious theories he dis- 
tln^ishes between two types of friction in 
soils; 

1) Perfect friction, as in sand, is caused by 
the intercogging of particles, acted upon 

by a continuous pressui^e, and is to be disting- 
uished from cohesion which is a reunion of 
masses, like a glueing together. 

2) Imperfect friction is the rubbing or roll- 
ing of particles over each other, due en- 
tirely to their own individual weights. 

Maynlel also gives a clear picture of how earth 
exerts a lateral pressure behind a wall: A 
certain part of the fill in the shape of a 
wedge with the apex at the heel of the wall 
slips down on a surface which is probably a 
plane; this material is not the entire volume 
which tends to slip, for later slips do occur 
if the wall slips or falls, but these do not 
concern the problem of the existing pressure. 

Francois (1620) repeated Uayniel's work 
includi^ in the discussion Woltmann»s assuiop- 
tion. The total angle between the wall aisd the 
plane of rupture is taken as the variable. The 
effect of surcharges was studied by Navler 
(1813-1826) who also derived the mos^^general 
formula for the lateral earth pressure acting 
nozaally to the wall. In the case of surcharge^ 
he showed that the resultant must act at a 
point higher than 1/3 the height of the wall. 
Considering a bank of earth in equilibrium, the 
material above the plane of repose is prevent- 
ed from sliding by the friction and cohesion 
along this plane. Prom this is evaluated an 
expression involving the tangent of the angle 
of natural repose in terms of the coefficient 
of friction and cohesion and the height. For 
small heights, he showed, the face of the earth 
bank may overhang and still be in equilibrium. 
When the cohesion is sero, the expression for 
the tangent of the angle of repose becomes the 
coefficient of friction, showing that Wolt- 
mann*s assumption is only true when there is 
no cohesion. 

Still tending towards a general solution, 
Audoy (1820) does not accept the assumptions 
of uniform density, friction and cohesion, but 
regards each aa a general function of depth. 
Taking the pressure as normal to the wall, he 
derives a most complicated expression, which 
is of no use because of the lack of infomatiom 
of the factors involved. By accepting Coulomb's 
hypotheses the formula resolves into the result 
or Francois' theory. 

But few advances in theory were made be- 
tween 1820 and 1640; however, the experimental 
determination of the necessaiy facta upon 
which to base theory was begun. The work of 


Huber Bumand (1828) on the pnysioal cbarac- 
tenstics of sand and Hagen's experiments show- 
ing the presence of a vertical component are 
most notewort^, (1833)# The latter also deve- 
loped the theory of pressures in bins, bsaed 
on the Coulomb wedge theory. 

In spite of the considerable advances 
made in the wedge theories, many authors have 
reverted to the older ideas, very often eppeaxv^ 
ing quite Ignorant of the fact that the older 
theories had been modified. The French Depart- 
ment of Fortifications had not immediately ac- 
cepted Coulomb's theory but used the method of 
db Montlong (177^)# The plane of rupture was 
assumed ^ pass through the toe of the wall 
and, in equating moments, the material between 
the plane and a parallel plane through the 
heel was assumed to aid stahility. 

Chauyelot (1783) rejects all previous 
theories^he does not mention Coulomb's) be- 
cause of the large number of assumptions re- 
quired. Experiments showed that the natural 
slope of sand was 39^ 21 , yet he recommends 
that a 43^ wedge be assumed for all materials. 
The weight of the wedge is resolved into com- 
ponents; the lateral pressure is equal to the 
component acting normal to the wadi less a cor- 
rection for friction and cohesion in the fill 
and the point of application is at 2/3 h from 
the base, 

Gauthey (1783) obtained experimental data 
absolutely proving the existence of a wedge of 
maximum pressure, where the plane of rupture 
bisected the angle between the vertical wall 
and the plane of repose. However, he missed 
the significance of his results, advising the 
use of d 'Antony's theory with the addition 
that 1/3 the weight of the wedge be subtracted 
to take into account the friction loss. He was 
a standard writer on engineering construction, 
see for example, his wonderful book on bridges. 
This may explain why his earth pressure theory 
was so widely accepted; as late as 1863,Ourioni 
and de Benedict advised the use of Gauthey' s 
formulas. 

Delanges (1788) made some carefulvObserv- 
atlons or the effect of the moisture content 
on the natui^ slope and density of soils, al- 
so experimentally determined. the lateral pres- 
sure of various granular materials, but he ap- 
plied his results to proving the older theories, 
SenguiJ^ (1792) edited the second edition of 
Bullet's "Traits**, and inserts in a footnote 
his '*newer" ‘theory. The lateral pressure acts 
parallel to the plane of rupture and the wall 
is designed by the requirement that the result- 
ant of the pressure and the weight of the wall 
pass through the toe. Goudriaan (1796) and 
Bruenings (1803) determine hhq effect of a 43^ 
wedge; fhe latter also says that the surface 
of rupture may not be a plane but he assumes 
an average plane to derive a formula in the 
same way as the older methods. Similar disre- 
gard of the Coulomb contributions appeared 
regularly in the literature, even as late as 
1911, the London "Architect and Contract Be- 
porter" prints this statement in an unsigned 
article: "The earth pressure of loose earth Is 
exactly the same as water pressure, being equal 
to the weight vertically above the area con- 
sidered and the same in all directions,** 


EABTH PHSSSURE BXFBKIlgHTAL WORK . 

The earliest recorded experimental work 
is by Belidor, who states that as a result of 
experiment he was led to the conclusion that 
the prism of rupture of earth fills was on a 
slope of Itl, Gadro!3r( 1745), using a test wall 
3 in, high, made to check Belidor's theory, 
concluded that the plane of rupture sloped at 
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and not at 1:1. aven though the natural 
slope of the material was 1:1. Bandelet repeat- 
ed these es^erlments with a tes^ wall 17 ^ Inv 
high| using both sand and natural soil as flll^ 
and came to the conclusion that the plane of 
rupture did not coincide with the plane of na- 
tural slope. However, for si^Iicitv, he sug- 
gests that a plane of rupture on a 1:1 slope 
be assumed for all materials. 

D » Antony constructed a test box with one 
side hin^d at the bottom and the top held by 
a cord which passed over a pulley and was 
balanced by weights hung in a pan. No reli- 
able results were obtained from these tests* 
Gauthey using a box 30 in. high end 12 In. 
wide wu the first to peif oim a couplets set 
of earth pressure experiments. A bottom hing- 
ed gate with a cord Hed at one-tfiird the 
height and passing throu^ the fill was coun- 
terbalanced by weights similar to the method 
of D* Antony. He then changed the wall to a 
gate made up of five parts, in a smaller bln, 
making each part 1-1/2 in. high and attaching 
two cords to each port. In this way he at- 
tempted to measure the pressure at each depth. 
In spite of the resistance of the imbedded 
cords, he did obtain an idea of the. variation 
in pressure on the various slats, reporting 
that with a sand fill, the wei^te needed to 
balance the five slats were 1-1/2, 4, 6, 8 
and 10 oz. To determine how much of the fill- 
ing material in the bin was really respons- 
ible for the pressure against the test wall, 
he built a hinged sloping bottom in the bin 
and reported that the pressure against the 
vertical face was the same for the horizontal 
bottom and for a number of increasing slopes 
with ths horizontal until he reached 67-1/2 
deg. In this way he proved that the material 
below that plane had no effect on the pressure 
against the vertical wall. 

Delanges, describes some experimental 
work onTHesbapes that semi-fluid materials 
will take and the yertical pressure in the 
small bins. In the lateral pressure experi- 
ments he used a small box i^th a hinged side 
6 in. square, counter-balanced by two strings 
of silk, on which were hung equilibrium load- 
ings. He points out very carefully that both 
the horizontal and the vertical pressures of 
semi-fluids contained In '’vessels” is reduced 
below corresponding fluid pressures by the 
friction of the side walls. 

The earliest large scale apparatus was 
built by Wol^ann , a box 1,72 m long, 1.13 m 
high and 17l3^ m wide. The front wall was hing- 
ed on the top and prevented from exceseive ro- 
tation by an adjustable atop at about one- 
third of the height. Two methods were used to 
measure the overturning moment on the front 
wall. The first was by means of a string tied 
to the back of the wall at its middle point 
and connecting to balancing weights placed be- 
fore backfillliig, which were removed gradually 
after back-filling, until movement occurred. 

The second method was to counterbalance the 
wall by weighted crank aim beam attached rigid- 
ly to the wall. Materials tested Included sand, 
gravel, soil and rye. The results obtained 
were approximately hk'if of those given by the 
Coulomb fomula. 

The experiments conducted at Alexandrie 
in 1805, at Piedmont in 1806 and at Julie ra 
in 1806 and 1807, were started by Major of 
Engineers Laulazxier . continued by Lieutenant 
Hereto and were completed by Maar^el . The 
rirst apparatus built was a box 2 m wide, 1-1/2 
m long and 1 m hlg^. When filled with sand, 
the bottom hinged gate broke its hinges and 
fell with a ”storp detonation”. However, the 


e^rimenters tod curiosity enough to measure 
the surface of nature end found it to be prae- 
tioally a plane at an angle of 64^42* to the 
horizontal. The eeoond apparatus built at Ju- 
liers, was 3 m long, m wide and H n hl^. 
The box was of wood, but the gate was built 
much more substantially and also hinged - at the 
bottom. At one- third the height an iron strut 
was hinged to the gate and pushed against ths 
weights on a friction block. The resistance 
of the friction block wee first made larger 
than the expected pressure and was reduced by 
adding wei{^t8 in the pan helping to pull the 
block. Maxniel states, as a conclusion from 
the experiments, that Coulomb’s theozr is the 
only true and siiq^le theory. The xeeultant 
pressure acts at one-third of the height and 
equals from 1/4 to 1/3 of the weight of the 
wedge of rupture when the fill is loose, and 
from 1/7 to 1/20 of the weight of the wedge 
of rupture when the fill is packed. 

A very similar apparatus was used by 
Martony de Koezegh . 2,85 m long, 0,95 m wide 
and 1«^ m high. Freasures were also measured 
by a friction dynamometer. Of course this 
method prevented any measurement of a vertic- 
al component. The fill material was sand and 
also earth, and the results agreed fairly 
closely to those given by Coulomb’s theory. 

A detailed report of all recorded experiment- 
al work was prepared by the author in 1923i 
and filed with the Engineering Societies Li- 
brary In Kew Yo 2 k, and a summary was publish- 
ed in the Proceedings of the Hi^way ResesTOh 
Board, 1940. 


PBESSOSB ON BIN SIDES AND BOTTOM . 

In addition to the military problem of 
fortification walls, the Prench E^ineers 
spent considerable effort to solve the prob- 
lem of bin storage, which had a practical ap- 
plication in the magazine silos. Moreau (18^) 
reported on the practical considerations of 
silo planning, above and below ground, and of 
square and circular sections. Both Moreau and 
Huber- Bumand knew that the .base of a bin did 
not support the entire load above it. The 
latter proved it experimentally (1829), by 
weighing bottomless boxes filled with sand 
and with top soli, as they were lifted free 
of the supporting floor. Moreau and Hiel (ia35) 
experimented with a similar device,' but with 
only part of the bin bottom detached, and 
showed how an arch formed over the opening 
and the pressure on the opening was independ- 
ent of the height of the fill and of any sur- 
charge placed thereon. In some cases, the 
surcharge loads actually decreased the pres- 
sure exerted on the bin bottom. Some of this 
expezlmental work was performed to determine 
tto pressures at the bottom of the fills due 
to surcharge loads. 


SOIL PHYSICS STUDIES . 

Couplet (1726) pictured soil as a pile 
of spherical grains, arrai;ged as tetrahedra, 
either one grain on three or one grain on four, 
Gauthey tried to check this picture experi- 
mentally, but found that soils did not frac- 
ture along a natural slope line, as did the 
piles of spheres. Gadroy (1745) studied tto 
erosion of soil slopes and concluded that the 
windward side was more affected and the amount 
of erosion frem wind and rain was smaller for 
soils with smaller natural slopas. That soil 
can stand vertically and even overhang seems 
to have been fairly well known, but Coulomb 
(1775) was tto first to determine the toight 
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of soil wbich can stand vartlcallj as a func- 
tion. of ths cohesion and internal friction. 
This fozsula he obtained detexaining the 
height for which hie general forsula shoved 
a zero value for the lateral earth pressure, 

Delanees (1788) quotes two earlier 
authorities as hariJ^ distinguished soils 
froa solids or 11 quids t Galileo stated that 
semi-fluids in contradistinctibn to liquids 
''when heaped together aaintaln their condition; 
and when hollowed up to a certain iiaric» the 
cavltj remains, without the surrounding parts 
flowl^ to fill it again; and when agitated 
and disturbed they quickly settle, as soon as 
the outside notion slackens,'* And further he 
finds cause "to be able to very reasonably 
argue that the smallest parts of water into 
which it seems to be resolved (since it has 
less consistency than the finest powders what- 
soever, in fact it has no consistency) are 
very different from the smallest divisible 
quantities." Lambert (1772) on the other hand, 
claimed that restrained bodies of soil react- 
ed more like liquids, 

Belanges carefully measured the natural 
slope of several materials and noted that 
each had a definite slope, which was greater 
for rougher surfaced and for larger sized 
grains. He states that liquids assume a level 
surface because they consist of a minute 
smoothosurfaced spherical grains. Sxperlment- 
ally, in cylindrical and conical vessels, with 
loose bottoms, he proved that the bottom sup- 
ported less than the total weight, of the con- 
tained materials, and correctly deduced that 
the reduction was caused by the friction along 
the sidewalls. When openings of various sizes 
were opened in the bottom of the vessels, the 
flow of the various granular materials seemed 
to be independent of the depth of the fill, 
and always ended with a conical cavity of fix- 
ed slope for each type of material. Then using 
glass cylinders and placing horizontal layers 
of grains stained different colors, he could 
watch the sequence of flow from the different 
depths and the relative velocities of motion. 
In similar experiments to measure the flow 
through horizontal openings, Delahges derives 
a result analogous to the flow of liquids 
through an orifice, modified by taking into 
account the fact that the particles arrive at 
the orifice "with a rate of speed much less 
than that which would be suitable for a free 
drop," This work was later repeated and ex- 
panded by Huber-Bumand (1829; with the same 
conclusions. 

Wpltmann (1802) studied the stability of 
slopes in canal excavations and derived a for- 
mula for determining such stability. Goudrlaan 
(1810) developed the effect of different shap- 
ed waves on shore erosion and understood the 
mechanics of wave action and ener^ transmis- 
sion from water to sand along the beaches. In 
1796, he wrote on wood sheet-pile and other 
shore protection methods. 


FOUNDATION AND PILE STUDIES . 

Although the art of foundation construc- 
tion must have been well established by 1772, 
it was Lyabert who first made an attempt to 
rationalize the design of spread foundations 
as well as the use of piles. Some of his con- 
clusions were based upon observation, and 
others on the results of experimental detemhx- 
atlon of settlements from static and falling 
models resting upon and "immersed" . in sand. 

An extensive research into the value of 
sand piles for coneolldation and stiffening 
of miry soil, made necessary for the design 
of foundations at Bayonne, France, was report- 


ed by Moreau (1827)* Among the basic conclu- 
sions Is round pr^f that soil can be ccnsollCt' 
ated to a much greater volume reduction by 
driving piles which axe then withdrawn and re- 
placed by "very friable stone reduced to pow- 
der," than by surface ramming. These sand pile 
foundations were test loaded, by load incre- 
ments over long time periods, to a msTlBMn of 
66,0CX) lbs, on nine piles, 8^ in, diameter and 
ft, long, spaced about 16 in, on centers. 
Preference of sand piles over timber piles is 
also expressed because they act as wells into 
which tra adjoirdng earth drains and therefore 
permits better consolidation. 

In attempting to measure load distribu- 
tion through soil by weighing the load carried 
on a loose panel in the bott^ of bins, Moreau 
concludes} "Whatever may be the original pres- 
sures, when a portion or the bottom commences 
to give way, it is relieved of most of the 
weight upon it" and so "whatsoever may be the 
differences of resistance of the bed of the 
foundation, no part of this bed can yield wlti>- 
out the pressure upon it decreasing or the 
neighbouring parte giving way at the eame time 
and the settlement becoming uniform in sequence 
Which is a simple and true description of what 
is now called "limit" design, 

Neil (1835) experimentally determined the 
extent of load distribution through soils by 
noting how close to a load he could safely re- 
move the soil slope. This information he ap- 
plied to actual designs of foxmdatlons support- 
ed by layers of sand placed on soft clay and 
mire. Parallel loading tests on soil excavat- 
ed in pits, with and without sand pads, were 
carried over 14- day periods. In a pit 4 ft. 
square and 9 ft. deep, a 4 ft. depth of sand 
reduced settlement values to almost one-third, 
the loading being 4000 lbs. per sq. ft. These 
methods of sand bases and sand piles to cany 
loads in alluvial silt soils were used at Ba- 
yonne, Marseilles and Paris, on a number of 
noteworthy projects in the first half of the 
19th century and only recently have been re- 
cognized as proper methods. 


Brunings in "Over de Zijdelingsche Druk- 
king der Aarde", some 100 pas^c summarizing 
earlier work, (1803), ends with a very fitting 
quotation for this paper: "If these our good 
intensions shall be of service to any and fa- 
vourably received, we have our end," 
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SUB-SECTION I b 

(aOLOGT ABP SOIL MBCHAHIC8 


I b 1 lyflTWinmTiga nsna um LTHTTAflOBS OF PSPOLOGY fCB BBGICMIAL aXPLORAIIOH OF SOIUS 

HAKS F. fIBTEBKOHK 


suuygy* 

The field of pedoloelc science is defined and hrieflj described* It is indicated how the 
store of Imowledge acquired and organised by this science can be of direct usefulness to the 
engineer engaged in regional soil exploration and in the engineering use of data obtained in 
such explora^on* Specific reference is aade to the aethodlque enployed for this purpose hj the 
State Elgbway Departments of Michigan and Missouri, respectlTely. Detailed description of the 
indicated use Is found in the references giyen* 


Pedology for the purpose of this paper 
is eoncelyed In its widest sense as the 
science which concerns itself with: 

1, Soil formation or the characteriza- 
tion of soil systems as functions of: 

(a) climate symbol: (cl) 

(b) organisms " (o) 

(c) topography " (r) 

(d) parent material ” (p) 

(e) time " (t) 

2* Glassification of soil systems within 
the broad frame of climatic influences, 
but on the pragmatic basis of the soil 
type as a specific observable unit: 

3* Mapping of Soil areas in accordance 
with a nra^ULtic classification, such 
as the u*S« Soil Survey system. 

Of these three phases, the second and 
third are of most direct value to the soils 
engineer, because of their pragmatic basis# 

The first, because of its scientific complex- 
ity, is in a very unsettled condition, and a 
neat diversity of opinion rules among the pe- 
dolo^sts themselves, not only concerning the 
meaning of the phenomena involved, but even 
concerning the proper approach to the problem. 

Because of this situation, the soil en- 
gineer may receive little direct help from 
the professional students of soil formation; 
on the other hand, he should be vitally in- 
terested in the problem itself because the 
same or closely related factors, idiicb form 
soils, act on the surfaces of expoaeA structur- 
es or even throughout the entire structure as 
in pavement base-soil systems* For this reason 
the problems confronting the student of soil 
genesis will at least be formulated at this 
place* 

The work of many scholars of different 
specific interests and leanings has resulted 
in the recognition that specific soil proper- 
ties, as well as their integration to soil 
types, are functions of the above named five 
soil-forming factors rtiich may vary independ- 
ently of each other. Recognition of these fac- 
tors leads to the next step, concerning the 
reason and mechanism of their functioning* 

Joffe 5) differentiates between active 
and passive soil formers: the passive ones 
concerned with the mass and the source of the 
mass, the topography and the age, and the ac- 
tive ones supplying the energy tltot acts on 
the mass* The latter include the elements of 
the biosphere, atmosphere and, partly of the 
hydrosphere* Joffd’e basic intention is good 
but the association of ^e respective factors 
is illogical. 

To Vilensky and other Russian workers, 
soil-forming factors are synonymous with en- 


vironmant* ll)* Gllnke 3) employed the term 
"forces** in a transcendental sense, rather 
than in accordance with the physical meaning 
assigned to this term in the exact natural 
sciences* This, of course, is to be expected 
in pioneering work, but must give way to more 
exact formulations* 

is a result, of the prevailing, somewhat 
confused situation, Jenny 4) one of the most 
astute and impartial scholars in this field, 
despairs of the possibility of a causal cor- 
relation between a particular soil-type and 
the Independent soil forming factors, and 
contents himself with a purely functional cor- 
relation, expressing the relation of any or 
all properties (s) of a particular soil type 
to those factors as: 

8 = f (cl, o, r, p, t....) 

Jenny's approach, though logically Jus- 
tified, is sterile at least as far as the en- 
gineer's problem is concerned* The engineer 
must be able to understand or at least to 
icture what is going on* Logical understand- 
ng or even picturing of any function of five 
independent variables is impossible, especial- 
ly if the independent variables may range from 
the coa^lexity of climate to the fundamental 
simplicity of time* The piroblem must be sim- 
plified until the phenomena can be pictured, 
even if a succession of pictures be necessa^ 
instead of but one* A more logical approach 
to the problem Is as follows; 

1* Renouncing the attempt of bringing the 
i^ole world of soils into one formula , 
and concentration instead on the forma- 
tion of the most important soil types* 

2* Reduction of the so-called soil-forming 
factors to something that, can be visualized 
and expressed in terms of physics and 
chemistry. 

Soil formation represents primarily a 
c h a in of chemical reactions* In chemical reac- 
tion one is Interested in 

1* Total energy involved in changing initial 
to final m^erial* 

2* Rate of reaction, as influenced by environ- 
mental factors, positive and negative cata- 
lysis, concentrations, etc* 

The total energy change involved can be 
ascertained experimentally by means of calori- 
metric determination of the difference of the 
'heat of solution of the parent material 
the soil under consideration, respectively, in 
a suitable acid, In a similar way as tha hydra- 
tion rate of concrete is checked by determina- 
tion of heats of solution* 

Rates of reaction are influenced tem- 
perature, concentration and catalysis* In 
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TABLE 2. 

EKGIKEBRING PROPERTIES SUGGESTED 
BY THE NAME OF CLARKSVILLE GRAVELLY LOAM 9) 


U 

o 

■P 

o 


o 


4 

4> 

O 


Cl) Consists of 3 horisons 

(2) Horizon Ko. 1 - gravelly silt loam - normally 5 to 8 inches in 
thickness. 

(5) Horizon No. 3 - gravelly silty clay - normally 20 to 30 inches 
in thickness. 

(4) Horizon No. 5 - gravelly clay - widely variably in thickness. 

(5) Pockets of ve3py active stone-free red clay are common and are 
chiefly responsible for subgrade failures in the region. 

(6) Contains much clay with a lower liquid limit above 65 irtiich is 
unsuitable for subgrade or for use in constructing high embank- 
ments. 


(7) Backslopes in horizons 1 and 3 will stand at 1 to 1. 


( 6 ) 

(9) 


( 10 ) 


(0 

o 

Pi 

o 


o 

o 


( 11 ) 


a 

o 

■H 

■P 


o 


( 12 ) 


To prevent backslope slides in deep cuts involving horizon 5 
they should be laid back at 2 to 1. 

Embankments of Clarksville, ordinarily lying on dolomite beds 
in an area of fairly rugged relief must be carefully drained to 
prevent slides if constructed on inclined surfaces. 


Horizons 1 and 3 compact to high weights per cubic foot at low 
optimum moisture contents, No. 3 being the highest and most 
stable. 

Horizon 5 compacts to a low weight per cub'ic foot at a high op- 
timum moisture content. Standard compaction tests must be made 
in four lifts. Such material must be compacted in very thin 
layers in the fill and care must be exercised not to exceed the 
optimum moisture content. 


U^ess on inclined rock surfaces, if properly drained, the 
Clarksville gravelly silt loam provides form fill foiandation. 


ficient to Indicate a way for understandlz^ 
and for scientific treatment of the dynamics 
of soil formation. As previously pointed out, 
understanding of these dynamics is of more 
direct importance to the engineer than to the 
general soil scientist. 

PBDOLOGIC SYSTEM OF SOIL CLASSIFICATION . 

Different methods of pedological clas- 
sification have been employed in different 
countries. Because the u.S. have made the 
greatest qualitative and quantitative effort, 
and because it appears to be of greatest direct 


usefulness to the engineer, the following 
treatment ts restricted to the soil classific- 
ation system of the U.S, Soil Survey 8).. The 
basic physical unit of this system is the soil 
type. Marbut 6), 7) lists the following fea- 
tures as essential to the definition m a soil 
unit; number, color, texture, structure, thick- 
ness, chemical composition and relative arrange- 
ment of the horizons, and geology of the parent 
material. 

The soil type always has at least 2 names; 
a SERIES NASIE ana a (^lASS (texture) NAME. 
Example: Sassafras Loam 
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TJIBIS 3 



Soil Categories 6) 


Category VI 

Pedalfers (VI-I) 

Pedocais (VI-2) 

Category V 

Soils from mechanically com- 
minuted materials. 

Soils from siallltlc decompo- 
sition products. 

Soils from allitlc decomposi- 
tion products. 

Soils from mechanically 
comminuted materials. 

Category IV 

Tundra 

Podzols 

Cray-brown podisolic soils 

Hed soils 

Yellow soils 

Prairie soils 

Lateritic soils 

Laterite soils 

Chernozems 

Dark brown soils 

Brown soils 

Gray soils 

Pedocalic soils of Arc- 
tic and tropical re- 
gions. 

Category III 

Groups of mature but related 
soil series 

Swamp soils 

Glei soils 

Hendzlnas 

Alluvial soils 

Immature soils on slopes 

Salty soils 

Alkali soils 

Peat soils 

Groups of mature but re- 
lated soils series 

Swamp soils 

Glei soils 

Hendzlnas 

Alluvial soils 

Immature soils on slopes 

Salty soils 

Alkali soils 

Peat soils 

Category II 

Soil series 

Soil series 

Category I 

Soil Units or types 

Soil units or types. 


THE SOIL SERIES ; - 

All soils having identical properties 
with respect to the items listed helow are 
classified in the same soil series* 

1) Parent material: (a) solid rock - igneous, 

sedimentary, metamor- 
phic. 

(h) loose rock - gravels, 
sands, clays. 

2) Special features of parent materials, resi- 
dual or transported by wind, water or ice. 

3) Topographic position: rugged to depressed. 

4) Natural drainage: excessive to poor. 

5) Profile characteristics. 

The different series usually carry geo- 
graphic names indicating the location where 
they were first recognized and described. 

THE SOIL CLASS 

Considerable detail is employed in naming 
the various soil classes viz: 

1. Coarse send 11. Fine sandy loam 

2. Sand 12. Very fine sandy 

3* Fine sand 13. Loam /loam 

4. Very fine sand 14. Silt loam 

3* Loamy coarse sand 13. Sandy clay loam 


6. Loamy sand 16, Silty clay loam 

7* Loamy fine sand 17* Clay loom 

8, Loamy very fine sand 18. Sandy clay 

9. Coarse Sandy loam 19. Silty clay 

10. Sandy loam 20. Clay 

If a soil contains considerable gravel, 
shale or stone the term gravelly, shaly or 
stony is added to designate the soil type. 

It is obvious that the ability to re- 
cognize a soil in the field as belonging to 
a certain type and series, make available 
automatically a tremendous store of knowledge 
concerning the respective soil. It is of 
greatest practical importance that for such 
recognition in the field only few tools are 
required, and the most Important of these are 
the five senses. On the other hand, this re- 
cognition is an art and can only be taught 
and learned in the field* "The engineer must 
learn his soils". 10) 

The pedologic classification being of a 
qualitative rather then of a quantitative 
character, can, of course, not give all the 
data which the engineer likes to have, such 
as maximum density and optimum moisture con- 
tent of compaction, susceptibility to differ- 
ent types 01 stabilization, required spacing 
of drainage tiles, etc. However, once these 
additional properties have been determined 
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for a certain soil type by engineering teete 
and (or) from experience, they continue to be 
of v^ue for any future encounter with the 
respective soil type, Kspecially in soil 
stabilization, many phenomena which cannot be 
e^qplained by the results of the standard ezigi- 
nearing tests, can be correlated with, if not 
explained by the soil type. 

A truly splendid example of engineering 
use and supplementation of the pedologic soil 
classification is presented by the Michigan 
State Highway DepaihTment 1)« The Field Maxxual 
of Soil Engineering of this Department is the 
best available guide for practical application 
of pedology. Among other features, this man- 
ual contains descriptions in sufficient detail 
of the profile characteristics (with schematic 
presentation) of the 104 important soil series 
found in the State of Michigan. Also in a 
rather extensive table* for each cf these 104 
soils, 19 specific engineering items are list- 
ed under the respective headings given in 
Table 1. 

The Michigan experience shows that the 
only limit in the practical use of the pedolo- 
gic classification for highway and airport 
engineering is the capacity and willingness 
of the engineer to learn and use this method. 
Another pioneer in the use of the pedologic 
system of classification amalgamated with en- 
gineering experience and testing is the State 
Highway Department of Missouri 9). The Mis- 
souri way is presented in Table 2. More re- 
cently, the States of Indiana, North-Carolina, 
Hew York, New Jersey and others Jtove entered 
actively into the utilization of pedological 
knowledge for highway construction purposes - 

For most of the counties of the United 
States, soil survey maps are available. These 
serve for the first orientation of the soils 
engineer; however, since no general map esn 
ever be made in all the detail necessary for 
construction purposes, the soil engineer must 
make his own detail map based on his ability 
to recognize soil types. Of course, the soil 
survey party will also take soil samples; but 
this samples will rather be taken udienever a 
variation in soil type is recognized. This 
helps to cut down considerably the number of 
samples \diich must be taken and tested per 
mile* For detailed description of soil survey 
procedure and reporting, reference is made to 
the respective soil manuals of Michigan and 
Missouri* 

While pedologic knowledge is most useful 
in the exploration of highway aiid airport 
sites, Wooltorton 12) has shown that cracking 
of light buildings In Burma could be correlat- 
ed with certain soil^types. In Missouri, the 
same phenomenon was observed In rather drastic 
forms during the long drou^t in the Thirties 
on Buildings up to three more stories hi^ 
founded on Putnam soil* In a less drastic form 
opening and closing of cracks of a chepel at 
Concord, Mo; founded on the same aoil, paral- 
leling desiccation and wetting, has been ob- 
served and recorded for more then thirty years* 

So far, utilisation of pedology has been 
treated only with respect to the soil type and 
soil series* In the pedologic system, higher 
categories of classification exist* The higher 
the category, the less the number of actual 
properties idiich can be indicated by the place 
of the soil in the hi^er category* 'But, it so 
happexxs, that the indices ^sployed for place- 
ment in the higher categories, such as salini- 


ty, alcalinity, chemical composition of clay 
fraction, presence or absence of a lime accu- 
mulation zone, etc*, are also general indices 
of the subceptibility of soils to different 
types of stabilization* It should be mentioned 
in this connection, that a one-million dollar 
airport concrete pavement is desintegrating at 
the present time for the sole reason that the 
engineer-in-charge neglected to utilize av^l- 
able pedologic knowledge with respect to a 
high sodium and magnesium sulfate content of 
the izndarlying 8oil7 Because of this potential 
role of the hi^er categories of soil classif- 
ication as warning signs and as guiding posts 
for country or edntinent wide planning the 
higher categories In the pedolofcic system ere 
listed in Table 3* 

COHCLUSIOHS * 

From the evidence presented in this paper 
and in the references given it is obvious that 
pedology in it^ three phases can be of great 
usefulness to the highway and airport engineer 
or in general to the engineer who deals with 
shallow foundations* This helpfulness may be 
(a) direct and immediate in reconnaissance and 
soil survey, and (b) indirect but no less im- 
portant In country and continent wide planning 
for spotting potential trouble areas and for 
indicating most probable types of required soil 
treatment for economic highway and airport 
construction* 
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SUB-SECTION I c 

PHTSICAL AHD mSIOO-CHEMICAl PBOFBBIIgS OP SOIL 


I c 1 CONTOIBUTIOH K) THE MEOBT OF SHBIimJg 

fi. HAEFGLI and G. AliBSRG 

Laboratory for ^ 7 draulic Raaearch. and Soil Macbazxlcs 
of the Swiss Federal Institute of Technology » Zurich 


I, IHTRODUCTIOS a 

After the theory of soil mechanics under 
the guidance of Terzaghi had conquered its 
own special territory of civil engineering 1), 
it has in recent years penetrated other branch- 
es with fruitful results. In addition to the 
science of snow and glacier mechanica^mention 
should be made here particularly of the test- 
ing of moulding sand and of work in connectiffli 
with the clay industry, with whose problems 
our Institute had to occupy itself very close- 
ly during "Jorld Var II 2; and 3)- 

JSxperience shows that the process of 
shrinking is of decisive importance for the 
quality of the products of the clay industry, 
particularly in the manufacture of bricks and 
tiles, since the undeaired "structures” pro- 
duced by the moulding process are later in- 
fluenced to a considerable degree by the 
shrinking process. In order to investigate 
more closely the peculiar behaviour of the 
clay during shrinkage, exhaustive testa were 
carried out in our laboratory to the order of 
the Swiss Association of Brick and Tile Makers 
and Buhler Brothers Ltd,, engineers, Uzwil. 

These teats dealt chiefly with threedimenaion- 
al linking. The test pieces used were prin- 
cipally cubes with sides 2 cm long and the 
comers cut off (Pig. 1). Four different kinds 
of clay, whose princepal characteristics are 
sho'jm comparatively in table 1, were used as 
material to be tested. The testa were carried 
out and evaluated with the collaboration of 
W. Eng, engineer. For valuable support and 
suggestions we have also to thank Dr. A. Stuts, 
director of the Brick and Tile Works Fassavant- 
Iselin & Cie. A.-Gr., Allschwil, Basle. 

TABLE 


by a group of curves in aiiich the preparing- 
water content plays the part of paramatar. The 
higher the preparing-water content - l.e. the 
water content present at the beginning of the 
compacting - the greater will be the water 
content remaining for a given compacting press- 
ure, althou^ the coaqpaoting is in itself more 
intense. 

An analogous phenomenon may be noted also 
during the shrinking of clay. !mis la not sur- 
prising irtien consideration is taken of the 
relationship between the shrinking process on 
the one hand and the contacting under the act- 
ion of external forces on the other hand. The 
shrinking process is indeed nothing else than 
a compacting taking place under the action of 
capillary pressure \^lch increases in accor- 
dance with theoretical principles, instead of 
under the action of external mechanical forces. 

As K. von Terzaghi sud 0.£. Frohlich have 
already determined, two phases must be dis- 
tinguished during the shrinking process 4 : 

In the first phase the evaporating of the wa- 
ter takes place on the surface of the sample. 
Hand in hand with that, a reduction in size of 
the pores takes place, caused by a steady in- 
crease in capillary prassure, until finally 
the maximum la reached, idiich Terzaghi design- 
ates shrinking pressure. Here the second phase 
begins, in which the evaporating surface with- 
draws into the sample. The change in volume of 
the saiiq>le is comparatively small during this 
period; the capillary pressure remains approx- 
imately constant. 5o thing definite can exactly 
be stated with regard to the actual magnitude 
of the shrinking pressure. On the other hand 
1 





Characteristics 

of the material tested 


No* Laboratory 

Limits of consistency 

Coefficient 
of compres- 
sibility 

, * 

(of 5) 

Coefficient 
of peme- 
abilily 
klO° 

« e • cm / BdC 

Void 
ratio 
based 
on 2 

O' ss 1 kg/cm 

f % 

a.f 

P ^ 

1 

1632 

55,7 

22.9 

gg 

9,12 

2,0 . 10-8 

0,965 

2 


76,6 

34,7 

H9 

6,53 

5.7 . 10-8 

1.27 

3 

1406 

56,0 

20,1 

M 

8,80 

6,1 . 10-9 

0,940 

4 

1407 


18,9 

MB 

9,37 

7,0 . 10-9 

0,923 


(vacuum) 



■I 


1 



II. StTBRgAL CHARA0Tffit3TICS OF THE SHRIWglNQ 
PBOCBSS , 

To-day, it is a known fact that the water 
content or the void ratio of a saturated, 
fine-grained loose sediment cannot be eiqpress- 
ed as a simple function of the pressure. The 
dependence In question can only be illustrated 


the equivalent compacting pressure (shrinking 
pressure equivalent) nevertheless allows the 
order of magnitude of the effective forces to 
be determined. By this is understood the com- 
pacting pressure which produces in the test 
aao^Ie in an o odometer the sane water content 
aa the shrinking process does. 5) 

In Fig. 2 is lllu8t;rated on the one hand the 
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Shrlnlcage measurlx^* 


FIG.1 


dependence of tlie degree of three-dimensional 
shrinking on the water content (curve 1), and 
on the other hand the relation between the wa- 
ter content and equivalent shrinking pressure 
(curve 2). 

In the following considerations we must 
first of all make a clear distinction between 
two conceptions: the preparing water content 
w ^ and the initial water content w^. By the 
former we mean, as its name Implies, the water 
content possessed by the sample immediately 
after it has been prepared, whilst the latter 
means the water content idien the shrinking 
process begins, ^uite exceptionally we shall 
have WA » wa- first of all we assume that, after 
the sample has been prepared, a compacting 
process is first performed in the oedometer 
until a certain consolidation has been reached. 
Secondly, after that the shrinking process 
starts and continues until the sample in the 
drying cupboard at 105® C no longer gives off 
any water. In this case the initial water con- 
tent differs from the preparing-water content; 
in fact it is smaller. It has now been found 
that for a given clay the compacting, or the 
unit weight reached after completion of the 
shrinking process, depends only on the prepar- 
ing water content. The higher the latter was 
chosen, the less was the final compacting, in 
other words, the dry unit weight of the res- 
pective test material was also leas. Prom this 
the above-mentioned relationship between the 
compacting process in the oedometer on the one 
hand, and the shrinking process on the other 
hand, con be seen very clearly. Strictly speak- 
ing we have here fundamentally one single 



Shrinkage-line# Three dimensional of 

a clay cylinder as a function of the water 
content# Clay No# 1632# 

FIG. 2 


process taking place in two different forms. 

This particular behaviour of clay during 
the consolidating process can be explained by 
the fact that there is a quite definite texture 
corresponding to each preparing water content, 
and that during the consolidation a change 
certainly occurs in the texture in the sense 
of a compactingwithout the principle feattir- 
es of this texture being lost. A sudden alter- 
ation in the inner structure may only be caus- 
ed by intense shaking or mechanical distur- 
bance. This change Is termed breakdown of 
structure* 


■Lii. AMALXSIS OF THE SHRINKING PROCESS 

(1st Phase) . 

In the following theoretical invest IgatioEi 
we deal only with the first phase of the ahriidc- 
ing process, wfaich we presume to last until 
the straight line of shrinking shown in Fig. 2 
and 3 intersects the axis of the abscissa at 
the point N. The corresponding section of the 
axis is in the following termed the shrixdE- 
age limit* 

?irat of all the relations between degree 
of stol^ing and water content shall be de- 
termined* The fact that the saniple r^nadns 
satiated with water during the first phase 
of the shrinking process justifies us in putt- 
ie the change in water content equal to the 
change in volume of the sample* Accordingly 



(to) 


the following holds goods 

dV-S G,-V,.,„ (i) 


Ve 


d 



tgpt .dw 


Where 7 « volume of the sample 


(3) 


7g • volume of solids 

7^ - volume of water portion 

7. ■ volume of dry sample (after the 
shrinhing process; 


« unit wei^t of dry sample. 

Neglecting the change in volume due to 
the second phase - the total extent of shrink* 
ing being considered as the result of the 
first phase, * the equation of the strai^t 
line of shrinking is obtained from equation 
3) la the following formt 




jr« 

/w 


(4) 


The inclination tg of the shrinkage- 
line is consequently identical with the unit 
weight ratio (cf. Fig. 3)* The relation 
between the tnree-dimensional shrinking and 
the linear degprees of shrinking (dx, dy, dz) 
in the direction of the three axes in space 
is: 


tT- + a,j+ d^+ (=) 


Now if shrinkage tests are made with a 
given material with different preparing water 
contents and the results are plotted graphic- 
ally, a corresponding number of shrinkage- 
lines with different inclinations and differ- 
ent shrinkage-limits will be obtained. Fig. 4 
shows two such idealised shrinkage-lines with 
different preparing water contents i Between 
these two straight lines there are interest- 
ing relations which we formulate as follows. 
First of all the following holds good for 
jhree-dimensional shrinking; 


— il* 

VAC, 4 1 8 > 


N 


1 1 




Since then Since 

on the other hand Wf>( belongs to the shrinkage 
test with the hi^er preparing water content, 
it is seen clearly from equations (9) and (10) 
that the shrinkage limit becomes greater with 
increasing preparing water oontent* 

It is now necessary to determine the 
position of intersection 3 of the two shrink- 
age lines of the same material* First of all 
the ordinate of this point may easily be cal- 
culated as follows from equation (8) and Fig.4; 


1 + iTi 1 3 0^2 


-1 (. 1 ) 


Substituting this value in equation (4), 
the abscissa of the point S is finally obtain^ 

ei! - A. N ar. 


K-w,,) 




: -1 


(la) 


or direct from Fig. 4) in another form; 

('=>) 

' 6 

The final equations (11), (12) and (13) may 
be interpreted as follows; 

Fr^>m equations(12) and(15) it is evident 
that the abscissa wg of the point S depends 
only on the elements of one single straight 
line. But this Is only possible if all strai^t 
lines of shrinkage of one and the same material 
intersect at one common point S. Since wjf is 
normally less thanfc, wq is as a rule negat- 
ive. On the other ntod, from equationfll) it 
is evident that the ordinate 07$ of the point S 
has the same value for all materials, namely 

- 1. Consequently the points S for all 
materials lie on a horizontal line at a dis- 
tance - 1 below the origin A. 


Ve 




(«) 


^ere represents the unit weight of the 
material with water content w, whilst re- 
presents the unit wei^t of the dry material. 

Solving equation(6) with respect toy-, 
we obtain: 1 + 01 ' ^ 

The unit weights of the dry material in 
two parallel tests with different preparing 
water contents wa, but with the same water 
content w, are therefore in the following 
relation to each other: 

4, _ 1 -.--i?, (of. Jig. 4) («) 

^ez 1 y 0^ 

For the change of the shrinkage limit due 
to a change in the preparing water content, - 
\rtiich is also to be seen In Pig. 4), - the 
following relation can be obtained between the 
axis sections ik and the corresponding unit 
wei^ts of the ary materials . 


These results may be expressed in the 
followijog terms and definitions; 

1) The point of intersection S of all shrink- 
^e-lines for one and the same material is 

defined as the shrinking centre . 

2) The shrinking centres of all materials lie 
on the horizontal line of the equation 

xts - 1, idilch is defined as .the shrinkage 
axis. 

3; Tne abscissa Wg of a given shrinking centre 
is termed the shrinking rate of the material 
in question. The S^aviour of the loose sedi- 
ment during the shrinking process in question 
is to a large extent characterised by this 
single magnitude. 

4) The total of all physically possible strei^ 
lines of shrinking of one and the same 
material lies within the so-called shrinkage 
fjP-f idiose apex is the shrinking centre, winh 
increasing p reparing water content the shrink- 
^e-llnes rotate ' clockwise round the shrink- 
ing centre within the shrinkage fan. Accord- 
ingly also the shrinkage limit W]f increases 
with increasing preparing water content. 

3) The angle % or opening of the shrinkage fan 
is termed the stoinkage region . To deter- 
mine it, at 1 eastern tests are required; A 
first teat with as hi^ a preparing water 
content as possible gives the ahrinking-line 
with the greatest slope, and a second test 
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FIG. 3 



Degree of three^lnensloiLal ahrlxiking for diff 
ferent preparing water contents (diagrammatic). 

FIG. 4 





Hesults of two atrlnlrage tests with the same 
clay for different preparing water contents* 

FIG. 5 


with the minimum preparing water content gives 
the steepest straight line of shrinking. 

6) The locus of all preparing water contents , 
i.e. the line connecting the points we 
define as the prepeuring water curve . For 
certain kinds of clay this line is practically 
straight within the shrinkage fan, for other 
kinds it is bent* ^eoretically it is for the 
moment not possible to make any acre accurate 
statement idth regard to the shape of this 
line. 

Ihe greater the possible variations of 
the material in question with reject to text-- 
ure formation, the greater should be the 
shrinking region. The shrinking region will be 
caused to vary by additions which, as for 
instance electrolytes, affect the coagulation 
and consequently the structure formation to a 
great extent. It should further be noted that 
the formulae derived above are not confined to 
the shrinking operation, but hold good quite 
generally for any process of consolidation 
idiich corresponds to the assumptions madet 
Continuance of complete saturation with water 
during the ihole process, and identity between 
the volume of water given up and the corres* 
ponding change in volume of the material. 

IV. EXPERIMEHTAL ESS0LT3 . 

In order to check the correctness of the 
theoretical assumptions, two samples of one 
and the same clay with different preparing 
and initial water contents were submitted to 
the shrinking process. The water content and 
also the corresponding degree of shrinkage, 
was then determined at different phases of the 
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ahrlBKlns process and plotted sri^lcally 
(yig. 5)t ?ron the measured unit weij^ts 
and/e2 of the dry material, the total de^ee 
of shrinkage V3X andVa2 aad also the known 
initial water cont^t and w-Pi the coeffi* 
dents wjf, ws andVs given in Fig. 2, were 
calculated on the hasis of the equations 
derived in section 3; their significance can 
be seen fron Fig, 5, 


in reality withdraw to a certain extent into 
the interior of the saople during the first 
phase of the shrinking process; this was 
neglected in the theory also the asauaed iden- 
tity between the voluae of water given off and 
the corresponding change in voluae is not 
exactly real .sed. The measured shrinking cenbce 
moves somewhit more to the left in comparison 
with the calculated centre* But since a satis- 
TABUB 2 




Evaluation of the test results 

Clay 

Test 

* 

-a * 

t/rn» 

®a * 

Wj, % 

Wg % 

®s * 



^ 




... 










X 

calcu, 

Lated’ "• ' 

1406 

1 

30,25 

17,55 

2,023 

12,6 

U,3 

- 38,0 

- 100 

1406 

ri 

42,5 

27,4 

1,976 

28,3 

13,1 

- 58,0 

- 101 


In conjunction with Fig.5f these results 
lead to the following conclusions: 

a) The measured intermediate points of the 
same shrinkage curve actually lie on a 

straight line during the first phase of the 
s^inkage process. The existence of the shrink- 
age-line is thus proved e3q)erimentally. 

b) The slope of the strai^t line of shrinking 
II with higher preparing water content is 

someidcat less than that of the strai^t line 
of shrinking I, and this is in agreement with 
the theory. 

c) Test II with the higher preparing water 
content gives, in agreement with the theory 

the lower unit weight ye of the dry material 
but the greater shrinkage limit 1^, than test 

I. 


d) The abscissa values wg of the shrinkage 
centre S, as calculated independently for 

each separate degree of shrinking, are practic- 
ally identical; as anticipated by tl^ieory* 

e) The values Ws - - 1 « 100 %) of the ordi- 
nate of the shrinking centre, as calculat- 
ed for each separate degree of shrinking, 
agree practically completely with the theore- 
tical values. 

f) The curve of unit weights obtained fdien 
passing over from the first into the second 

phase of the process, becomes a maximum. This 
also agrees with our a&suim>tions, since the 
weight-diminishing influence of the air makes 
Itself perceptible in the second phase* 

The e^erimental proof of the applica- 
bility of the theoretical laws has thus been 
demonstrated fundamentally. Complete accordance 
between theory and measurement could indeed 
not be reached. As a rule the slope of the 
measured shrinkage-lines was always someiriiat 
less than the slope calculated theoretically 
from the unit weight of the dry material. This 
can be explained by the fact that* the menisces 


factory accordance between theory and measur- 
ing has otherwise been determined* the theore- 
tically accepted laws may be adopted as a 
basis for calculating the shrinking process in 
the region of the first phase. On the other 
hand, further emlanation 6)and 7) is requir- 
ed for the behaviour of the linear degrees of 
shrinking, which depend to a very neat extent 
on the orientation of the finest clay laminas 
and thus bring about the anisotropy of the 
consolidated material. 
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HEAT-FLOf TOWABDfi THE FLOOB OF OOLD SfOtUBS^ SITPAIH) IH TBB 
QBSmH LEVBL. AKP CALCOLATiaM OF THB IHSqUTIOH OH IBB 
HgATIHfl srgPgM TO PREVKliy FBQ8I PEMETHAriQB IH TAB GBOCflO 

ROBSfiT F»X* RUCKLI, Dr* As 8C*t6Cha«Ing» 
Insitsctettr fAdAral dss travaux pabllc8» Berne 


1, PBOBLai . 

!Phe floor of cold stores has to be de- 
signed to preyent frost penetration in the 
ground and its effect, the ice segregation 
and the uplift of the superstructure. !Fhe 
protection of the baseaent against frost may 
be attained hj insulation or heating of the 
floor* The usual methods of calculation as- 
sume the ground-temperature to be constant in 
a fixed depth below the basement (ground water 
level or 10 m)* l)and 6)* Data obtained in 
England and Russia 2)a:^ 8) from examination 
of cold stores, where frost heave damage has 
occurred show, that this assumption is not 
just. The writer proposes a method of calcul- 
ation, which conforms more to nature and which 
demonstrates the distribution of the heat-flow 
from the subground over the area of cold stores. 

2. COLD STORES WITH CIRCULAR AREAS , 

a^ An a log y with the Artes ian we ll# 

The groundwater-flow and the heat-flow are 
governed by the same differential equation, In 
case of the same formal boundary conditions, 
the solution of the hydro-dynamic problems 
may be transferred to the thermal problems. 

Such an analogy exists between the Artesian 
well with a plane bottom lying in the sub- 
plane of the impermeable top layer and the 
circular cold store situated on the ground- 
level if the exterior heat conduct ibility be- 
tween the open air and the open ground outside 
of the store is neglected. 

The following are corresponding values: 

Fig. 1 


well: 

hydrostatic pressure ,H 

piezometric level on 
the equi-potential- 
curve defined by b, h 
lowered level during 
pumping, hj. 

flowing-of f by punmingfi 
permeability, kp 


cold store: 

initial ground tem- 
perature, 

temperature on the 
isothermal defined 
by b,i)' 

floor temperature in 
the cold room 
loss of heatfQ. 
heat-conducti^ty of 
the ground 

Tq radius 

b) Calculation of the heat-flow to the base- 
ment of circular cold store. 

The formula for the Artesian well, given by 
Forchheimer 4), 

= ( 1 ) 


eq. (5) lii(2) substituted results in 

(4) 

We get the position b of the zezro iso- 
thermal in the vertical axis by setting 

0 


b = 
i?=o 


^ 

tg — 


(s) 


In a meridional section the heat stream- 
lines are confocal hyperboles mid the iso- 
thermals are confocal ellipses. 

The he at -flow through the floor, rising 
from the ground at a point at the distance x 
from the middle of the cold store j 
may be calculated by considering two heigh- 
boiirlng hyperboles, whose asymptotes have the 
inclination (i and fi-t-dlB respectively fig. 2. 
Between these two stream-lines the heat -flow 
is constant owing to the condition of conti- 
nuity. The heat, passing through the ring 
formed by rotation of the element dx round 
the vertical axis is 


Z-TT xdx = 2/>cosp.Tr.jo<j|3.q^ 


Ifqpis the specific heat-flow at the great 
distance of from the origin and q w the iBat- 
flow at the point i. At the distance ja from 
the centre, the isothermal may be considered 
as a semi-sphere. Therefore we can write 


(^) 2/5 V 

^9.. (7) substituted in eq. (6) produces 


area of the 
semi-sphere 


Qw.cosj^.dt^ 
arr x dx 


(8) 


On a hyperbole the following relations 
exist 

cos 

O 


[3 = drccos-=- 




VT: 


(9) 


wherein b is the small axis of the rotation 
elllpaoid, may be applied In our case by 
changing the letters as Indicated above 2a)« 
Therefore ^ ^ Qw . r, , . 

-arctg-^ (z) 




end for the whole differedce of temperature 

1 f’) 

Qw=(^r-^i) 


With this value the equation (7)becomes 


Qw 

aij-TTVi-^ 

(lo) 

aAeC4t-'7i) 

'o 

(io«) 


This is the repartition of the heat-flow 
over the area of the circular cold store. 
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?oxm of the eqtiipoteatial faces for an Artesian 
well and foxm of the isothemals under a cold 
store I situated in the ground level. 

1 ) ground level 

2) hydrostatic pressure 

3 ) lowered water level in the well 
iiBpeniieahle toplayer 

5} ground-water stratum 
6 j equlpotential faces, rotation ellipsoid 
7) boundary face 


8) cold room 

9) isothermal, rotation ellipsoid 
Q: flowj^ off 
F: foci 

9 : room ten^rature 
floor temperature 

t: soil teoperature in the cooling zone 
^ undisturbed soil temperature 

FIG.1 





Heat flow rialng from the ground towards the 
basement of a cold store. 

FIG. 2 


c. Calculation of the Insulation. 

ihe insulation of the floor must be de- 
slsned in a manner to keep the tenperature 
under the basement at +0^6. fhe heat-flow 
through the basement construction is govern- 
ed by the equation (5) 

e-Oto 


-L 




:(i,) 


wherein: 


6 : air temperature of the cold room 
: temperature under the basement con- 
struction 

oCp.: surface emissivity or exterior cqn- 

ductibility of the floor (cal/cm^ hOG) 
: thic^ess of the insulation 
’^.^2 j thickness of the structural concrete 
slabs over and under the insulation 
AA.A^: the respective heat couductibilities 

(»-) 

-t : resistance against heat transition 
k ; ratio of heat transition 

fhe resistance needed against heat 
transition X to keep the zero Isothermal in 
the subface'^of the basement arises from the 
equation (11) and (10a); 




:JUC 

2 A~ 


05 ^ ^ 


(l2) 


By the thiokneas of the lnsulatiai 
is deteimined if the thlcki^ss of and 
of the structural concrete slabs over and * 
under the insulation and their respective 
conductibtlity. A-.Aj.AgSnd are given. 

de Calculation of the floor-heating to pre- 
vent the penetration of the zero isotherm- 
al into the ground . 

Instead of a thick insulation it is pos- 
sible to prevent the freezing of the subsoil 
by heating the subface of the basement con- 
struction as it was indicated by several au- 
thors l),2)and 6). 

We stipulate, that the zero Isothermal 
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r«nalns on the Bubplene of the floor oon-* 
stiuotlon (no frost penetration)* With a 
given construction of the floor and a fixed 
rooe teiq)erature the heat passing upwards 
through the floor is detexmlned* If it is 
greater than the heat rising froa the sub- 
ground, artificial heat aust be added, for: 
fig. 3 



Repartition of the heat flow q, over the area 
of a circular cold store* 


FIG. 3 


^h " ^b • -(13) 


we find 

n- 9,»5 a 

6,71 

^ « 412 koa/h 


^ - 0>48 kg 


or for eleetrie 

heating 


This example shows, that the coasuaption 
of energy is very saall. 


3. COIP STORKS WITH INPllilTBliI lONG RBCTAJiQUI.- 
AR AREAS (T<D-»D1MB«SI0NAL HRAT-FIOW ,) 

The solution found for the circular cold 
store can aso be transferred to the cold 
store ath an infinitely long rectangular 
area (two-diaensiona heat-flow), if we tae 
as the hydro-dynaaic anaogbn the artesian 
ditch of the constant width 2 r, with a plane 
bottom lying in the subplane of the leper- 
aeable toplayer. Neglecting again the exterior 
heat conduct ibility between the open ar «tiH 
the ground surface outside the cold store, the 
heat stream-lines of the plane heat-flow are 
confocal hyperboles and the Isotheroals are 
confocal ellipses. By an analogous development 
as shown under 2 we find for the heat-flow to 
the subface of the floor of the infinitely 
long cold store per unit length 3) 

*1 w“ ~ ‘'e ~ '^o) Jr (i?) 

~ 

The steady heat-flow is only possible if we 
assume, that at the distance R of the axis of 
the cold store, the soil teiq^erature of the 
ground surface is not influenced by the cold 
store* Fig. 4* Theoretically H is infinitely 


At a distance r<r, ,froa. the centre of 
the cold room we find by the use of the e- 
quatlons (10a), (11) and(13) 






and the total heat which is to be added 


( 14 ) 

( 15 ) 




qis determined as follows, 
is the circular area of the radius to 
be heated artificially, in other words over 
which the heat-flow is to be Integrated; 
outside the circle , the heat rising from 
the subground is great enough to prevent the 
penetration of the zero isothermal without 
addition of artificial heat.r is determined 
by the equation (12) 



Rxaaple : 

with t^- 10 B e- - 15 ° +1CP 

s^. 0,5 B 

ot,,- 6 kcal/a2hOC \^,06 kcal/ 

BhOC 

\-l,5 " " 



Temarature in the ground level beside an in- 
finitely long cold store* plotted against the 
distance from the axis ox the store* 

FIG. 4 


great; but for practical purposes it is allow- 
ed to assume, that for a great extent of R‘ti» 
influence of the cold store is negligible. R 
may be estimated with the assumption, that at 
the distance H the heat— flow Owr is, owing to 
the cold store, only a part n of the geothesm- 
ie heat gw« rising from the earth because of 
the geothermic gradient G; 


find «at**Batical developaeht we 


n.Gw 


(IS) 
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in idiicli 

w + lnw— 

n&r 

iHa repartition of the heat-flow fion 
the subground to the basement is determined 
by the equation 




e Ct^ — L^) 


(19) 


and the insulation, needed to prevent the pe- 
netration of the zero isothermal in the sub- 
ground 


1 

k 




•In 



If the penetration of the frost line is 
to be prevented by artificial heating, the 
heat to be added is at a point x 


and the heat per unit length of the cold store 
wherein 

" V lkC^,-e)ln^/ (23) 

Example ! 

r - 10 m e- -150 ^ lOO S^m 0,3 m 
Ai « 0,06 kcal/mh^c 
Ae- 1,5 

o(fl- 6 ]ccal/m2h^C« 

With n • 0,5 H - 185 a 
■ 3»61 


lnL5. in 37 
X,- 9,9 a 


and 


qh- 45,6 kcal/m^.h 


©h- 0,053 W/b1 . 


We compare the heat, needed for the cir- 
cular cold store, and that needed for a part 
L of an infinitely long cold store of the 
same area and the same diameter* 


r/Tr*2rL , r . L 


2 


With 1^- 10 m L - 15,7 m 

Heat needed for the: - 

1) circular cold store 
example 1, spatial 

heat-flow - 0,48 hW 

2) infinitely long cold 
store, plane heat- 
flow Dart 15,7 m long 

L . e - 15,7 .0,053 \ - 0,83 kW 



Owing tfljthe special heat-flow, the con- 
sumption of energy is smaller in the case of 
a circular cold store, than in a part of an 
infinitely long cold store of the same dia- 


meter and area* 

4. MODEL TB3T *Pn xyflfTHB WE BQOMDART CQg-; 
DITIQWS. 


Eixixig the boundary conditions two ex- 
treme assumptions concerning the exterior eon- 
ductibility or surface emissivity ground-air 
( oC ) are possible! 

1) oCsO: Ho exterior heat conduction between 

the ground surface and the open air 
(outside the cold store). 

2) e<so9: Outside the cold store the ground 

surface has the constant temperature 
of the air. 

The results of a rough model test, made 
by the writer to examine the usefulness of the 
method developed above, are shown in fig. 5« 
Contrary to nature, the temperature differen- 
ce between the store and the gro\md was for 
practicable reasons not produced by refriger- 
ation but by heating the store. The ground was 
represented by dry sand and the circular store 
by an electric heated pot, filled with boiling 
water. 

Fig. 5 shows that the assumption l)(oc» 0), 
which served as the basis of our theory, 
leads to a form and position of the isotherm 
under the basement, which is nearer reality 
than those of assumption 2} (oc » 

Neglecting oc , in other words, setting oc 
■ 0, the calculated heat rising from the 
ground is a little too small; this fact gua- 
rantees a higher degree of security. 

The heat rising from the subground is in 
the centre, i^ich is the critical point, of 
the circular cold store ^ 

1) assumption oc « 0 : r^tt ^ ^ 

2) assumption o< . oo : q^- jlA£plp2^(25) 

The value of ochas no great Influence on 
the calculated heat-flow. Fig. 6. 

Equation (25) corresponds formally to the 
formula for the spatial groundwater-flow 
against a circular ice-lens, given by the 
writer in another paper of this collection 7X 

SUMMARY . 

For cold stores of circular and of rec- 
tangular infinitely long areas, situated on 
the ground surface, formulas are given to cal- 
culate the 

repartion of the heat-flow from the 
subground to the basement of the store; 
the insulation, needed to prevent the 
frost penetration into the ground; 
the heating energy, needed to prevent 
the frost penetration into the ground 
for a given basement construction. 

The results of a model test are reported 
to demonstrate that for the calculation of tl» 
heat-flow the surface emissivity of the grpuzd 
outside the cold store can be neglectedC set- 
ting « 0). 


This report represents an extract of the wri- 
ter's book "Der Frost Im Baugrund** (The Frost 
in the Sub-soil), idiich will probably be pu- 
blished in autumn 1946, by the firm ''Sprl^er, 
Vienna". 
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Heat streaa lines under the basement of a cold 
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paiSICO-CHa rrGAT. ppo ptotIBS Qg SOUa 

HASS F* WISSBEODOBF 
Prizieetoii ThilT«r8lt7 


SmiMARY , 

The paper poiata out first the iaportaace of str uc t ur e and constitution of soils idilch 
govern the effectiveness of compositional factors* Rexti the ordinarj soil - engineering pro- 
perties are shown to be derived from more fundamental surface and interfacial relationships 
between sol^ exponents and soil moisture* This leads to a demonstration of the importance 
of ^lyslco-chemical phenomena in all types of soil stabilizationy and to the conclusion that 
Iniowledge of physico-chemical soil phenomena is a "sine qua non" for the engineer engaged in 
soil stabilization and a good tonic for the devotee of soil mechanics and foundation engi- 
neering in general* 


The civil engineer dealing with soil is 
usually interested in its properties as a 
system and only rarely in the properties of 
the component particles. This is true not only 
for undisturbed but also for disturbed subgrade 
soil and base material. ISxcept for cohesion- 
less materialSy disturbance by engineering use 
never breaks a cohesive soil system into its 
primary components. 

The scientist, follows the ** divide et 
impera** technique* He separates the material 
under consideration into fractions of like or 
similar properties, studying the characteris- 
tics of these fractions and even of the indiv- 
idual components* He proceeds from higher to 
lover levels of structure and arrives finally 
at the atomic and electronic levels* The en^ 
glneer appreciates these divings to the lover 
levels of structure only if they result in 
bringing forth something useful on the working 
level* 

The physical chemist, to be of real ao- 
siatance to the engineer, must be a generalist 
as well as a specialist; he must understand 
that material properties are functions of the 
constitution as well as of the composition of 
the material; he must realize that^ as aresULt 
of this constitution, the properties of a 
system may be more or may be less than the sum 
of the properties of the components* If the 
physical chemist is not sufficiently versatile 
to move freely, as necessity requires, from . 
one level of structure to another, then he is, 
at best, a help-meet and, at worst, a seducer 
to the engineer. Possessing this versatility, 
this **lngenium", he can be truly an engineer 
and a teacher of engineers* 

Physical chemistry offers fundamental ex- 
planations for observed soil-mechanical proper- 
ties and indicates rational methods for ij^>rov- 
ing soil properties (soil stabilization)* 

Soil ayatema are normally coi^sed of 
solid, liquid and gaseous phases* Tbe co^^- 
sition and character of these ^ases vary from 
soil to soil and within the same soil often 
from season to season* Of greatest Importance 
to the inglneer are the soil-water relation- 
ahlps* Since water can react only with the 
surface of the soil solids, the specific sur- 
face (surface/volume) of .a soil is important* 
One percent of city in a sand contributes more 
than ninety percent of the total internal sur- 
face* This illustrates the importance of the 
clay content; it is, however, not the whole 
story* Depending upon its chemical composition 
and environaentsi factors, clay is normally 
not In a dispersed but in an aggregated con- 
dition* Therefore, In moat soils the calculat- 
ed internal surface of clay la a potential not 


an actual one, also, une soil mechanical 
'*wel^t" of the clay depends on lAiether and to 
idiat extent it is present as a film around the 
coarser particles or as a filler in the pore 
spaces between the sand grains* The structural 
location, and, therefore, the role which a clay 
plays, depends on Its own surface-chemical 
character as well as on that of the coaraer 
material* On one hand, 1% of olay or other 
mineral cementing material may make the dif- 
ference between a loose sand and a sandstone* 

On the other hand, if there exists no affinity 
between the clay and the coarse material, l.e* 
if the clay serves only as a ^re filler, then 
we may Incorporate Into a sand, possessii^ a 
compacted density of 100 Ib/eu ft as much as 
30% of a clay (on the basis of the vei^t of 
the sand), i^lch may double its volume by swell- 
ing in water, without appreciably affecting 
soil stability in moist condition* It is becau- 
se of this situation that hl^way soil clas- 
sifications consider as granular materials 
those idilch contain up to 33% of fines passing 
the Ho. 200 sieve* The actued role of clay In 
a soil may and normally does range between the 
two extremes Izblicated. 

The phenomena resulting from the inter- 
action of the mineral surfaces and water depend 
on the properties of the water as well as on 
those of the minerals* The properties of the 
water are aa complex as those of the minerals. 
1)|2).3). In accordance with its molecular 
weight and In analogy with almilar compounda 
(HaS, HoS^i H 2 T*), water should be a gas at 
normal temperatures, but it is a liquid; fur- 
thermore, x-ray exaunatlon of this liquid 
reveals properties normally associated with 
solids* This behavior is a consequence of the 
dipole nature and architecture of the water 
molecule* A dipole is a molecule in which the 
action center of the positive charges doea 
not coincide with that of the negative* Some 
dipole molecules have only one pole sufficient- 
ly e]q>osed to be reactive with other molecviLea 
>r ions, trtiile the other pole is aterieally 
protected. In the water molecule, both poles 
are relatively acceaalble, irtiich permits the 
molecule to freely associate Itself with other 
molecules of its own kind or with other posit- 
ively or negatively charged co^onenta of mat- 
ter* The dipole character of water and the 
fact that aoil minerals poaseaa electrically 
charged surfacea* makea the lAole field of 
soil-water relationhhipa a branch of applied 
electrostatioa 4).3).6)« 

Different soli mineral a poasaaa different 
electric surface structures* Because of the 
importance of the electric surface pattern for 
tbA understanding of mineral-water relation- 



^ <^ O O O 00 <0 

Si 3 8 Ei si S S ^ 




(0 <\J Cl C^> oi 


h .5 fl 
a 1 

H « 3 


O4’U^tr^K^a0OO 

»•*««••• 

r-lp-ICJf>li-lf-ICJK> 


\l>U\C0CICM«i>a>lf\ 


v-r I <y\a\OH ci0'<r‘4‘ 


o CJ K% w 


KSOCI 00 O 4 - 4 -CJ 

rCtCtfN^tQOOxOH 


fMir\f-i<o^K\ooo 

Cl^tCtHlCC^stCi 


OHN^DCSISHH 

o*H n ••••••*• 

J Ow CJ^4-tf\HK\lDH 

^ P • f-l i-l CJ KV 


• i « oS 

ssas-s’^'a 

0 _ 0 P-H M'Hh 
Ip 49-PrH*P«P 

O d §43 "H PO443 f <42 
^•H 0<H h ••« cd h 

4 *vt 3 3 « B ^ ® 

• 2 « S bfi* 

B ® o o af 349 *0^ I 
O ^ h o Oi-H H <H 3 
0%t « ® ® M ® 43 

P O O Xl ® 3 r4 

• H 4 >a 4 » 43 H t£M fl 
H •'-N .H _ »l N O O 


43 

H 0«H CD Or4 t4 V( 14 B 
H'H Ktt 0^43 O S 3 

Xl O « 3 •« $43 B 

49 o § 14 <443 AO q 

M 3 p^ « F» o 


Xl O « 3 •« $43 B 

49 o § 14 <443 AO q 

M 3 p^ p F» o 

dPO tf043 M3P 
^X3 Shh5 ^ O ^ X4VI 

i:8,|s|>33:: 

^PpSuOO .HOtip 

“|8^l®g§l«s 

OP^H UH tPP Xt 

43^ p-H o a o pt p 

H°ds«g^‘'si'S, 

a^SSS-SS8i!3 


Ko 4^cicocio\-^avi-i 

pp ••»•««•• 

HU O^COflOCT'KNQIN 

ovi tClPiCJCyp-KN^^f 


i • 

5 §1 
s%§ si 


c^ P- ir\ K\ u\ 

c3 


& r4 Cl 00 IS 

H I-l CJ iH r 4 

p 


f4B P &-ri 

H 43 p 043 

- & 

d rH r4 

00 O 


V 

§ P P 

I s? s 


VO Cru ITS 


I fr 9 


6 ■ • 5 

p P <3 

^ s 9 I 

5 1 J o 

DQ CQ Q Pi 


P4nH»^PaKP’ 


H Cl 1C 4- 


25 


BiilpSi the elmcldatloQ of clay crystal struc* 
tura is of great Talae' In theoretical soil 
phyalcs. Hogentogler has ahoen that the plas- 
ticity index of aixturea of sand with diatoms, 
haolin, and hentonlte, respectlTely, equals 
the pro^ct of the clay mineral percentage and 
a proportionality constant. 7) 

This relationship has been utilised also 
by clay mineralogists interested in foundry 
sands and ceramics. Some have even suggested 
that It is only necessary to ^now the amount 
and mineralogical character of the clay frac- 
tion in order to predict the behavior of a 
idiole soil. This Is unwarranted for a large 
number of reasons, only a few of which can be 
cited here* 

The indicated relationship can exist only 
in artificial and structureless mixtures, but 
not in natural soils endowed with structure. 
Clay minerals in natural soils are not as 
clean as a scraped bone; rather, the mineral 
surface is normally in as close a relationship 
with adsorbed and syn-actlve organic matter as 
a bone in a living being is with cartilage and 
muscle tissue. 

Opposite the indicated unwarranted simpli- 
fication stands the complex reality as illus- 
trated in Graph I and in Table I, respectively. 

The tabulated data bring out an addition- 
al point, ^ich is concerned with the problem 
of soil classification, and the discretion 
lAiich must be employed in the practical use of 
any classification. 

In the n.S. Engineers classification, 
organic silts and clays are separated from 
their inorganic counterparts by a line which 



CTAPH 1 


follows the equation: 

P. I. - 0.73 (Ii- L. - 20) 

If plotted, the data given in table I for 
the extracted colloids fall on the organic side 


TABES 2 

Clay mineral - water relatlonshipa#(13) 


Type of H-colloid 

v/OXXOxaajL proparuj- 

Bentonite 

Lufhln Putnam 

Susque- 

nanna 

Cecil 

Type of mineral 

Montmoril- 

Ionite 

Montmoril 

Ionite 

Beidelllte 

Beidel 

lite 

Beidel- 

llte 

Halloy- 

aite 

3102/220^ ratio. . . 

mgm 

3,8 

3.2 

2.3 

1.3 

Exchange capacity 
m.e* per 100 g 

95.0 

82«0 

65.0 

47.0 

13.0 


21.5 

20*1 

18.1 

15-5 

6.x 

Heat of wetting 
cal/g 


15.0 

13.8 

11.7 

5.9 

Swelling, cc*/gm 

2.2 

1.18 

0.81 

0.57 

0.05 

Swelling 

Exchange Capacity 

2.44 

1.44 

1.24 

1.21 

0.41 

HyKrosconlolty 
Excnange capacity 

6.22 

0.24 

0.28 

0.33 

0.47 

Swellizuc 

Qygroacopicity 

10.23 

5*87 

4.47 

4.87 

0.91 
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The Effect of Exchangeatle Cations on the Properties of Colloidal Clays. 
... ^ Eatups of cation 


syeuea 


H 

LI 

Ha 

K 

Ga 

Ba 

Putnam 

q^groecoplcltj 

(a) 

18.13 

17.13 

16.53 

12.75 

17.57 

16.29 


(b) 

44.76 

56.12 

49.22 

31.12 

40.91 

41.95 


Haat of Wetting ' 
cal/g 

13.6 

12.0 

12.0 

9.5 

15.0 

15.9 


Swelling cc/g 

0.81 

4.97 

4.02 

0.50 

0.91 

0.83 


Hydration (c) 
cc/g 

5.20 

5.25 

5.25 

4.07 

5.20 

5.20 


Dlspersity (d) 

37.4 

60.1 

62.2 

56.5 

4.9 

24.4 


Swelling cc/g 

2.20 

10.77 

11.08 

8.55 

2.50 

2.50 

Wyoming 

Bentonite 

Hydration (c) 
cc/g 

35.0 

28.4 

24.1 

21.3 

24.2 

34.0 


Dispersity (d) 

34.0 

37.8 

35.2 

35.7 

31.2 

51.9 


(a) % HgO absorbed orer 30% aqueous EgSO^ solution; 

(b) % HgO absorbed over 3.3% aqueous HgSOi^ solution; 

(c) calculated ftom viscosity data by neans of the Einstein equation. 

(d) % particles smaller than 100 milll microns. 


of the dividing line, ehile those for the tdu>le 
soils fall on the inorganic side. Testing only 
the idxole soils, there exists a serious danger 
that the organic natter in the soil be over- 
looked* For some applications, this nay not be 
of great importance. For purposes of soil Sta- 
bilisation, however, the "hidden" organic mat- 
ter nay make the difference between success or 
failure. 

If the cnarge pattern on the surface of a 
solid soil constituent is ionic, it is matched 
by adsorbed ions of opposite charge. In the 
presence of water these adsorbed ions are part- 
ly dissociated into the surrounding water en- 
velopes. These ions are exchangeable, i.e. tiiey 
may be replaced by other ions* 

If the mineral surface la predominantly 
negative, the counter-ions are positive or 
cations, and the soil possesses a cation-ex- 
change capacity. Positively charged minerals 
possess an anion exchange capacity. If the 
electric field is of mixed character, then the 
system possesses both, cation and anion exchan- 
ge capacity. Cation exchange ce^oity predomi- 
nates in re^ons of temperate climate, anion 
exchange capacity predominates in soils deveOicp- 
ed under tropical idieathering. The ion exchange 
cspaoity is uau^ly expreased in milll* equiva^ 
lenta per 100 g of soil or clay. This exchange 
capacity is a property of any solid built up 
of ionic constituents; however, because clay 
contributes the largest relative amount of in^ 
temal aurface to a soil, practically all the 
exchange capacity of a noriud. soil is a func- 
tlon or ^e amount and type of its clay content* 


With pure minerals, the exchange capacity 
can be related directly to the crystal struct- 
ure. Minerals and especially their surfaces 
are rarely pure, however, in soils. For the 
same reason, the older characterization hy 
means of the silica-sesquioxlde ratio continues 
to be of practical i^rtance in correlating 
clay- water relationships with chemical com- 
positional factors. Furthermore, organic soil 
constituents contribute a large share of the 
exchange capacity of normal soils, and throu^ 
this and other means influence soil-water rela- 
tionships. Considering, also, the very closei 
almost symbiotic, physical relationship between 
organic inorga^c clay constituents exist- 
ing in an actual soil, it becomes obvious, 
that exchange capacities of soils cannot be 
redicted from their mineralogical composition, 
ut must be determined ejqperimentally. 

Table 2 illustrates relationships between 
water-sffinity, base exchange capacity, ailica- 
aeaquioxide ratio, and type of clay mineral. 

Table 3 illuatrates the effect of the 
type of exchangeable ions on the water-affinity 
of Putnam clay and 'Wyoming bentonite. 

Table 4 shows the effect of different ex- 
change ions on whole Putnam soil. 

Comparison of the data for Putnam clay in 
Table 3 and for the idiole Putnam soil in Table 
4 indicates clearly the modifying influence of 
the other soil fractions on the role played by 
the clay. 

Materials added to soils for stabilisation 
purposes will react physically or chemically 
with the surface of the soil solids. The type 



TABEg 4 , (14) 


BEFBCT OF BICHAH(3 lOBS OS TOfRTiramTm 
IR01MJIE8 OF PDTgAM SOIL 


Ion 

Hat 

H 

Ha 

K 

Me 

Ca 

A1 

TEST 1 

Lower liquid limit •••• 

64.5 

56.4 

88 

52.8 

56.3 

61.9 

60*2 

Lower plastic limit** *• 

23.5 

24*8 

25.4 

27.7 

25.4 

27.0 

26.3 

Plastic Index* 

41.0 

31.6 

62*6 

25.1 

30.9 

34.9 

33.9 

Volume change F,M*S**.* 
Shrinkage limit*****.** 

56.0 

52.4 

68*6 

40.1 

66*9 

65.8 

51.7 

17.9 

16.5 

11*8 

19.4 

12. 

12*4 

16.4 

Shrixikage ratio* 

Field moisture equiva- 

1.91 

1.94 

2*08 

1.80 

2*01 

2.00 

1.95 

lent 

47.2 

43.3 

44.8 

41.7 

46.7 

44*5 

42.9 

Specific navity 

^grosoopio moisture* •* 
Vacuum moisture equi- 

2.706 

2*665 

2*661 

2.675 

2*645 

2.680 

2.721 

5.79 

5.32 

4.20 

4*60 

4.58 

5.76 

6.69 

valent 

57.1 

54.3 

Water 53.7 
logged 

58.7 

58.9 

55.1 

Mechanical Analvsls 

Per cent passing Ho *40 

100 

LOO 

100 

100 100 

LOO 

100 

Per cent passing No *80 

99.6 

99.8 

99.4 

100 

99.8 

99.8 

99.8 

Per cent passing Ho *200 

98.1 

9B.7 

97.5 

98*5 

98.5 

98.5 

98.3 

Silt (*05-005mi; 

39.0 

46.0 

33.0 

48*0 

45.0 

47*0 

49*0 

Clay ( *003 u )*•••**• 

54.0 

46.0 

61.0 

44.0 

49*0 

45,0 

44.0 

Colloids ( «001ma )•••• 

33.0 

26*0 

48.0 

21.0 

25.0 

22.0 

23.0 

Proctor Comnaction 

Max* dry weight, Ib/cuft 

88.0 

87.4 

85 

89.6 

85.6 

65.2 

84.4 

Optimum Moisture % 

28.6 

50.9 

31.3 

28.4 

31.2 

32.5 

32.4 

Voids ratio* *••••••••»* 

.915 

.895 

.951 

.855 .924 

.961 

1.01 


and extent of such reaction and of the degree 
of stabilisation achieved depends upon the 
physical and chealcal character of this surface 
as well as on the properties of the stabilising 
agent* !Fhe susceptibility of soils to the dif* 
ferent methods of stabilisation is, therefore, 
influenced not only by p^sical factors such as 
gradation, but also, and sometimes dominantly, 
by surface-chemical factors^ of the latter the 
clay mineral composition, the exchaxigeable ion^ 
and the type and amounts of organic matter are 
of special importance* Space limitations pre- 
vent detailed treatment of the complex idiyaico- 
chemical interactions between stabilisers and 
the surfaces of solid soil constituents; how- 
ever, reference is made to the tables accompa- 
nying the paper on "Soil-Stabilisation” (These 
Proceedings) and to publications cited in that 
paper. 

Hiysico-chenlcal phenomena are l^rtant 
not only in the case of admixtures* foreign to 
the soil, but also In granular stabilisation* 
Well known is the setting up of a graded mix- 
ture of siliceous aggregate and lateritic clay, 
and of limestone aggregalie and podsolic clay. 
Such cementation occurs idienever positively and 
negatively chafed soil materials are mixed* 
This phenomenon is Illustrated by the data in 
Table 3 which are concerned with dry strength 
and slaking resistance of Putnam and Cecil soils 
and their mlx^es* 


Some of the most important problems in 
soli engineering are related to the physical 
chemistry of soil organic matter and to microb- 
ial processes* The problem of living and dead 
organic natter In soil is <iuite complex becaaise 
of the large number of different types of or- 
ganic molecules and systems involved as well 
as because of structural Interrelationships 
among these organic molecules azkd between the 
organic matter and the clay minerals* However* 
for most engineering puriposes it is sufficient 
to know the total amount of organic matter and 
its relative distribution among the seven 
chemical groups shown In Table 6 for the Loess 
Fan^eano top-iand aub-solXs (8)* In these par- 
ticular soils, the content in cellulose and 
hemioellulose is low and that In proteins and 
lignins hl^, showing an advanced state of 
decomposition pf plant organic natter due to 
great baeterlhl activity, favored by the pres- 
ence of mineral plant nutrients* Organic mat- 
ter of the type and in the amount contained in 
the Loess Pampeano top soil la very favorable 
for any wat6l^proofing stabilisation, as long 
as further bacterial action la prevented 9), 10). 

Soils in idiich organic mailer la accumu- 
lated under conditions of low bacterial activ- 
ity, stymied by lack of mineral activators, 
contain a relatively large proportion of cel- 
luloses and hemicelluloaes. This type of 
organic matter ia almost always objectionable* 
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TABIg 5 


Data on Tensile Strength and Slaking 
Resistance of Putnaa and Cecil Soils 
their eoabinations 


P Patnaa Soil 
C Cecil Soil 


Composition 

Tensile Strength 

In Ib/sq In. 

Slaking time (2) 
in minutes 

Putnam Soil 

90 

9 


167 

8 

^8 °2 

157 

9 

P7C3 

147 

20 


142 

29 

^5 S 

140 

17 


113 

15 


107 

19 

^2°8 

97 

14 

PlCg 

82 

11 

Cecil Soil 

47 

13 


1) Data represent aTsrages of three deteminationst 

2) Method of Rnssian pedologists* 


Inorganic atablllsera containing liae, aay. If 
added to such solls^ in aaonnta insufficient 
to kill the microbial organiama« result in 
their activation by the Ca-ion and, throng a 
connected chedn of eventsy may weaken rather 
than throve a subgrade soil* The general 
detrimental effect of organic natter on port- 
land^ceaent products is too well known to 
require special ea^aaia; It should be emphas- 
ised, however, that knowledge of soil or^nle 
matter and of aicrobial phenomena not only as- 
sists in understanding the unpleasant conse- 
quenpes of their presence, but that this know- 
ledge points out a way to a practical utilis- 
ation of the organic matter, already contained 
in a soil, for coordinated action with other 
atsbilixera* This is one of the principles on 


which the so-called natural method of soll- 
atebllisation la baaed II)* 

Within recent years* electro^osmoaia 
met with Increasix^ use and interest on the 
part of the soil engineer* Theoretically pure 
eleetro-oamoaia ia an interfacial phenomenon 
and, consequently* depends on the physico- 
chemical characteristics of the Int^face* 
Xleetr^oamosls in normal soils is rendered 
impure by ionic conductance and transference i 
the latter, of course, slso represent or 
depend on physico-chemical properties^ such as 
baae exchange capacity, type of excha^eable 
Iona, dagree of ionic diaaoolation end others 
12)* The effect or different exchange ions 
on electro-osmotic phenomena ia shown in drq^ 
2 »- 
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TABEB 6 

Natgr# of th» organic aatttr In loeeB paaptano soilg 


% of total 

organic aattor 


Conatituent 

Topsoil 

Sub- 

soil 

0 0 

Sub- 

BOil 

Differ- 

ence 

Total organic natter 

Protein 

47.00 

1.95 

42.75 

I.6I5 

0.853 

0.782 

Lignin. 

37-40 

42.05 

1.588 

0.625 

0.963 

Celluloses. 

4.8 

9.6 

1.96 

1.87 

0.09 

Hemicelluloses* 

5.8 

10.4 

0.261 

0.202 

0.059 

Sugars, amino-acids, etc... 

2.88 

1.52 

0.129 

0.029 

0.100 

Wax, resins, alkaloids, etc. 

0.89 

2.11 

O.OAO 

0.041 


Wax, resin-like fatty 
substances 

1.20 

1.57 

0.054 

0.050 

0.024 
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ELECTRO -OSMOTIC YIELD OF NATVRAL 
AND HQMOIONIC HAGERSTOWN SOK.S. 



£Xectro-osmotlo yield of natural and honolonlc 
hagerstovn soils. 

GHAPH 2 


CONCLUSIOKS 

The facts and data presented in this paper 
and in the references cited should make clear 
the importance of physico-chemical phenomena 
in go yarning actual soil properties and in aid- 
ing or obstructing soil stabilizing measures. 
^11 e there cannot exist intelligent soil atd>- 
ilization without physico-chemical understand- 
ing. it does appear that the body of soil 
mecnainica itself needs to absorb more and more 
physico-chemical principles and knowledse if 
it Is to keep healthy; otherwise, it ml^t de- 

f enerate into increasingly mathematical mental 
lotions, or return to its former status of a 
prlmitlye art, unrelated to arailahle scien- 
tific knowledge* 
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SUB-SECTION I d 



ir«T*BDE£IUH 


I> HYIROPTWAIITG SX rVTXtKIPP^ 

1) ShA settleaent ot hoaoeasAOUS soli of lAilcli 
tho Toito are filled ndth water la ruled Xfj 

the differential equation t ^ 

In ihichi c) k ^ t 

ws the increaent of pressure in the water, 
caused by the Increaent if load, x « the ^^^h 
on ahich the naaed w appears, a s t^e^coef- 
flclent of coapresslblll^, K s the coefflolant 
of pemeabllity and T m the tine passed since 
the increaent of load is carried on* 

In the f omula the specific grarlty of water 
si 

By supposing s ^ * 5 ^ equation 

is slaplified to ^ ^ ^ 

d d t 

2) For the case that a layer of soil, con- 
tinuous till endless depth, of homogenous com- 
position, la United on the upper side by a 
norisontal flat i^ane and is loaded by an 
equal devided load p, ihlch Is stret^ied 
liaited, the boundary conditions for this 
linear case can be defined as follows: 

w = p irtien t « 0 at each walue of x; 

Wap when x > co at each walue of t; 

w s 0 irtien X 3 0 at each walue of t, 

except idian t 3 o* 

fhe solution of the equation la formed by: 

W 3 f(u} in shich'^^ ^^T^hy introducing u the 
partial differential equation becomes the or- 
dinary differential equation: 
d*P ^ dr df 

d au du 


■tiien is -2uF* 

I 

or — -*-2udu . fhen - c 

f du * 

Md F- f(u)- w- Cj J^e-‘^*du 

Then substitution of u the boundary eonditlonj 
can be taken together to two specimen: 

V 3 n then t s 0 ^ 

and Wa 0 idimi X s 0| to:w3 0 idien u 3 0 

iutegral/e cannot be expressed in 
elenentery functional tables exist for the 
definite integral: 

J 1 *« n « a»«iia B (n) « 0 *h«* B . • 

ws can write: 

/ ='“du-i.y? 7 j E(u) ♦Cjj 60 


The substituation of the boundery conditions 
gives: 

C^ - ^ p and Cj - o , so w- p C(u) 

It is preferred to expand the function B (u) 
in the form of a series: 


+ r — a. so 

2\ 6 5! 7 4l 9 

The compression ihich a part of a soil-layer 
with thickness b uadsrgoes. Is: 

in ^1 ft b X 3 2 u ^t*” 

dx- 2^tdu 

and for tnat reason 

By perfooming the Integration we get: 

2^ 3 p.a.D(l-A) in ihich: 

^ 2 fi ill ^ 1 , d 


D i nl i/s. 
“0“ ° 


SxcppoaB 


0 2vT z y/f ^ k 

1 < -r> d 

T then T— D 

4 u, ^ 

fhen<^ 3 0 0.25 1 4 25 

A 3 1.- 0*486 0*270 0*140 0*055 0*000 

With the help of these values the time-settle- 
ment-curve can be deslRnad (flg*l)t It proves 



FIG.1 


to exist a final-value Zh 3 p*a*l)*, ihleh la 
reached a^er an endless time* 

The variation of Ihe waterpressore at the 
depth la for a special time t repreaented by 
a dotted curve of fig* 2t ^ese dotted curves 
are nowd *lsochreaem* 

3} A eley-layer, thinness b, cm upper- and 
lover elAe bordered by a layer ot large- 
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FIG. 2 


nained sand (or Ifj porous stone) will show 
imchrones of sTmetrle slieDe of lAxich the 

lies at X = ^ P azia for fdileh w s 0 
when X = 0 and ffeen x = P (fig* 3). The eal- 



culation of w and therofore of z in this 
can be connected eilii the preceding cae^ ^ 
the addition of two equal but rejoved. 
ted imagea of the isochrones of fig. 2 end by 
subtra^ing off the function Wo , we go* ^ 
ms way^ fig. 4, in which this construe- 
tion is carried out can he reads 


*^x)' 


The settleaent anounts to? 

2_« p.a.O-a./ wdx- p.a.D.4 

° *D D 

Ppom fig. 4 la further concluded t 




'fo-x) 


while too J Wjjdx-p A.D 


dx 



It follows that Zp'^p 3 0(1-8^ inihich 
® 12 3 3 5 4 7 S\9 J 


If 


^ some yalues can he calculated s 
4 ug 


Wheu«-* 0 0.0625 0.25 

is B . 1.- 0.190 0.118 


0.56 1.- 4.- o« 

0.047 0.022 0.003 0 


With the help of these values^e ^e - eett- 
ienent-cuTwe again can he plotted v.fig*p;* 



?« Ot = 1 the eettlewnt is alnost owpletedi 
the corre^nding tiwe-lnterwal -j- _ 

is called the "hyarodyMic period** ^ 

4) The fomula tZn * p*a«D (1-B) can he ap- 
proxixated hy an orthogonal hyparholes 

2D-z,(r^-M) 


in idiioh is the reaaining settleaent on the 
tiae t* ZD is the erentual settleaantfTH « the 
faydrodynsaio period and ? is a constant. 

A Talus f s 30 glTes « 0,032 2^ lAan t m \ 
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80 that after the hydro-dynamic period the 
settlement eotild be fineshed for xiearly 97^ 


5) SOTpose Du * the thio3cnesa to which a soil- 
layer of &iclaie88 D at the end can be coaK 
pressed until there exist no more voids; then 
the voids-ratio n» defined as the volume of 


voids per unit volume equals 
n 


O-D. 




If the layer is hydro-dynamically compressed 
by an increment of load p from till 
then is I 4 \ 


therefore the foimola of the time-settlement 
curve changes in; 


Ll!L. - 

n-«h 



1 


6) Kinds of soil exist which show the settle- 
ment as may be expected from the mentioned 
theory. Such soils are defined as "singular 
soils”, they show en ultimate settlement, while 
at the mid of the hydrodynamic period by means 
of waterpressureHaeters can be established 
that the increase of pressure in the water has 
disappeared* 


11. SECDLAB SgmgMEHTS , 

1) There too exist kinds of soil idiich will be 
named '* composed soils" by which the settle- 
ment still continues during a long time after 
the pressure of the water is reduced to the 
original value* 

This "secular settlement" passes very slowly# 

It cannot be caused by the flow of the "free 
water” (the water, of which the pressure can be 
measured in a water-pressurs-meter) because 
the influence hereof is charged already by 
the calculation of the hydrodyxxamic-settlement 
and because as is mentioned too, during the 
secular settlement there is no increase in 
pressure concluded in this free water# If a 
flow of fluid is responsible for this secular 
settlement this has to be a flow of a liquid 
with a great viscosity, by idiich the long 
duration of the secTilar settlement becomes 
acceptable# 

Clay-investigations have laid to the opinion 
that water molecules in the presence of miner- 
al particles of clay by these are aimed and 
electrically tied; near the mineral particles 
the density of the absorbed water seems to be 
so high and the molecules so hard movable that 
this water behaves as a very sticky fluid# 
supposii^ that in composed soils there are 
micro-complexes between the bigger grains, 
coursed of very little aineru-particles 
close one to another, then the voids of such 
a complex will he filled hy sticky water# This 
tied water will show a stark retardation in 
flow by increase of load to the iBlcro-comid.ex; 
in consequence of this the micro-complex un- 
dergoes a stark retarded hydro-dyn^c-settle- 
m^t# 

The addition of these micro-settlements deliv- 
ers the secular-settlement of the soil# 
for the limited space we caimot go farther into 
the subject of the phenomena of Afferent ml- 
crostructureB which are imaginable* No more we 
can M farther into the caloulatlon of the 
settlements that follows from here* However it 
may be evident that the relation between the 
secular settlement and the time can he approxi- 
mated by a similar formula as is distracted 


for the hydro-dynamic settlement; 
approximately the secular time-settlement- 
curve can be represented by an orthogonal 
hyperbole# 

2) In the following is considered the settle- 
ment of a layer of composed soil that, from 
the point of time of coming into existence, is 
influenced hy a constant load p« 

Let the voids-ratio without load be (charac- 
terestic voids-ratio); the load p cairried on 
at the time t s o makes the voids-ratio go 
down hydro-dynamically till (virgin-voids- 

ratio)* The settlement from till itm happens 

in a hydro-dynamic period T;, , #ilch is neuect- 
ed with respect to the geological period, in 
which the secular eettlament takes place# thder 
influence of p the soil then becomes seculaxy 
cooraressed from rimtlll n. i the secular voids- 
ratio, which represents final situation to 
idiich the soil comes finally under the influen- 
ce of p* 

This secular course from n,„tlll may be re- 
presented by the formula 


1- n 


n - n 


s 


1 - n- 



+ 1 


completely analogic to the fcrnnila derived for 
the hydro-dynamic se'^lement# In the formula 
d is a constant, T. = the secular pexiod, 
iriiile fin and may be taken as yet unknown 
functions of p# 

Plotting this formula as a strai^t line, by 
which t is plotted on linehr scales the 
n-scale becomes a projective scale, idilch is 
fixed by the alignment-equations 


n-fia 

(in ^ch is the chosen lenght.unit) 

Of this projective scale the aero falls in 
n s 1 (for n s 1 when £ ^ 0) while the point 
n = falls in the infinite (for n s idien 
R =; od ) The scale is dependent on , that is 
to say that to every , and therefore to 
every load, belongs a separate n - scale# 

The plotting of different scales of various 
settlement-curves can he escaped in the way 
as is shown in fig* 6. Besides it is consider- 



FIG.6 


ed that every projective-scale can be found by 
projecting from a fixed point a linear scale 
on a straxjg^t line, which cuts this scale# In 
fig# 6 conseq^ntly n is read on the Inclined 
linear scale ny using the projection-point C, 
that belongs to the conserning tlmm-Bettlement- 
curve* Consequently every settlement-curve has 
its own readjjng-polifc C, that lays vertically 
above the corresponding ng on the xwseale# 
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5) If at a fizad aoa«it tv tha load pi la Ioh 
craaaad till p2» tha aoiX will at first 
obtain a hydro-vnaBio sattlaaant fToa n^ till 
nof bj irtiioh ni is tha wDids-ratio that is 
raachad at tha Boaant t|^ nndar influanca of pi t 
in conaaquanca of tha saeular line for px« 

Froa tha noaent t)^ tha sattleBent will taka 
placa (Th is to ba naglactad again) in consa*- 
quanoa of tha saeular line for po* bowawer in 
such a way that its point n^ fails in tjj^. Tha 
original aaoular line for po thus nowaa paral- 
lal to its own orar t* in the direction of the 
tiaa*axis« Tha projection-point O2 does not 
change bj this nowaiaant; t^ part of the ncraad 
line between t a 0 and t a t^^ baconas fictiTa* 
The total corursa of settleasnt is given by the 
drawn line In fig* 7 * 



h) la a projectlye scale is defined by three 
points f it is possible to appoint ns br a 
fixed load if on three points of tine is known 
the n» that the soil has obtained under this 
load* If at the points of tine ti* t2 and t^ 
the respective observed voids-ravios are ni# 
no and nxv the construction of ns can take 
place inconsequence of fig* 8* In this the 



FIG. 8 

distances tx-tp and to-ti are in nutual good 
proportion out on arbitrary scale put on the 
vertical axis* while the point C in chosen 
arbitrarily. Then a linear scale is laid on the 
figure in this way, that its points n^i “2 and 
nx fall on the lines Cti, Cts and ?tx 5 the 
uXtinate voids-ratio then vertically lays 
beneath C. Ths fixing of na is the wore exact- 
ly as ths tineperiods between t^i ^2 
are longer* 


3) The results of soae tests of undisturbed 
claysa^ples were eheckedi the results 
visionally sees to show that between nx and 
the load p exists ths relationt 

C n « log — 

P+Pc 

in irtiich C is a constant nunber, II is a modulus 
and p^ a (very little) pressure* In consequence, 

for the eventual settlement too the logarith- 
mic relation according to the load-settleaent- 
curve of Ton Tersa^ii seems to true* It has 
been obvious to calculate C and H from the re- 
sults of experiments. 

It is not possible to calculate p^ with any 
exactness; because, ihen p « c, 113 - and 
therefore Cn^ « log ^ , it was difficult too 
to fix with sufficient accuracy* 

When ttg ■ 0, log • 0, therefore M « p +p^, 
or, because is very small p - M, Consequent- 
ly II can be imagined as the load, that is oeces- 
sary to compress the soil ultimately to a solid 
stone. 

6) Aa follows from the preceding pages it is 
possible to prophesy approximately the course 

of settlement of a ground layer, under influ- 
ence of different load-increments. 

It is not so simple to unravel the prehistory 
of a groundlayer. If the geological age of a 
layer is known and if the n© - curve does not 
ehow»an angle, n- (fig. 7) can be obtained 
for the ground load. In this way the ori gin al 
thiclbiesB of the layer is approximated. If the 
relation between p and n,^ was known, perhaps 
herefrom coxild be calculated lu for the ground- 
load, and therefore the geological age of tha 
layer. 

If the ng -curve shown a bob, these calcula- 
tions become very unsafe. Truely it is poss- 
ible to know the bigness of the load lAiich 
formerly burdened the layer; 
nevertheless there is not yet found a method 
to fix the points of time at idlich this in- 
crement of load did begin or end. Ro more it 
hag been possible to find out irtiether the 
layer formerly has been under the influence of 
a load that is smaller than the present. In 
general a bob in the load-settlement-curves 
troubles the prehistory considerably. 

7) According to the method Buisman the secular- 
settlement is set out on a linear and the 

time on a logaritbmic scale, if the zero of the 
log-scale falls at the time t = 1 (day) the 
secular-tlme-settlement-cTzrve becomes a 
straight line. 

The maximum period over idilch this linear 
course has been found at a sample is about one 
year* i — n n » n X 

Plotting the formula --JB a. ^ G + 1 

n - rig 1 - n \ 

in this way a curve comes into existence as 
shows fig. 9* Here out would be concluded tbat 
the straight line, as follows from the method 
Buisman, after some years bends and goes sore 
steep, finally reaching a horlsontal a^mptote. 
By extra-polation, according to ths sathod 
Buisman, over some decades so there could be 
foreaid too small a settlement* Therefore it 
is imortant that settlements of constructions 
are observed over longer periods to ascertain 
how long for different soils and voids-ratios, 
is the time-period in idxich the linear course 
nay safely be extrapolated. 

8) During the hydro-dynamlo-period the incre- 
ment of tbe grain pressure Inereaaes grad- 
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ually from zero till maximum* Tiie Incremeot of 
the graittpressure is considered for the secu- 
lar phenomena as the increment of load; so the 


load idiicb causes the secular settlement, In- 
creases during the hydro-dynamic-period grad- 
ually from sero till martirom* Bj this the se- 
cular-settlement is rotarded and the seeular- 
aettleaeikt curre deformed. During this period 
the total settlement then is not obtained by 
addition of the hydrodynanlc and the undeformed 
aecttlar-cnrve. 

Incidentally nay be point out the fact that 
constructing fig* 8 the moment t is to be 
chosen outside the area in whi^^ this deforma- 
tion still has a noticeable influence. 

The hydro-dynamic settlement shows a layer- 
thiokness-effect <1^ proportional to the 
square of the layer thickness) the secular- 
settlement does not show such an effect* 

The deformation of the secular-earre duriiig 
therefore will be Important longer in a layer 
then in a sample. Interpreting an obserwed 
settlement-curve of a layer this has to be con- 
sidered t in general this curve is not directly 
comparable with the one, observed by the sample. 


- 0-0 — - 0 - 0 — 


I d 2 


PKBCIgg PgPBBMTWATIOH OS WJOSX OOHSOLIDATIOH 
FBOTBSdOR A.H« KUllQR, M.SC., l.G. Doran, H.Sc. 


SDimAHI . 

In research on Secondary Consolidation pf Clays the accurate determin- 
ation of the end point of theoretical primaxy consolidation Is essential « 
The aocuraoy of existing methods of determination Is open to question. An 
im^oved method has '^erefore been developed* !Qke paper commences by 
reviewing the exlstl^ methods of curve fitting. Using the new method the 
theoretical initial and final readings and the coefficient of consolidation 
can be detexmlni^. fizaqples of the applloatlon of the new curve fitting 
method are given and the accuracy of the results obtained is discussed. 


In the analysis of settlement-time re- 
sults obtained from the consolidation test it 
is necessaxy to fit the theoretical relation 
between percentage consolidation and time fac- 
tor to the experimental readings. There are 
at present two methods of carrying out this 
curve fitting, due respectively to A. Casa- 


grande and D.W. Taylor. 1) 

The authors have found In general that 
these methods give results which are only 
rarely in agreement or correct. The errors, 
while not great, become of l^ortance idien 
amounts of secondary consolidation are being 
measured. Table I shows typical results from 


TABLB I 

Ixiitlal Final Values of Primary Consolidation by various methods 





Initial Values 

Final Values 

Test 

material 

Load o. 
tons/ft 

Taylor 

Casagrande 

Hew 

Method 

Taylor 

Casagrande 

New 

Method 

C.14 

Recent 

alluvium 

0.285 

1940 

1940 

1952 

1151 

1166 

1161 

C.2 

Boulder clay 

1.60 

968 

978 

968 

728 

674 

723 

Bca 

Lias clay 

4.00 

1650 

1646 


1360 

1338 

1332 

C.12 

Peat 

1.50 

2690 

2710 


1485 

1449 

1449 

C.24 

Bentonite 

0.80 

19W 

1938 

1860 

855 

854 

830 
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a nunber of tavts on different coapreeelble 
nnterlals and the dlacrepaneiea are at once 
evident. The reaulta obtained' from the method 
developed tj the authors are included in the 
Table. 


It is now generally recognised that 
there are three phases in the consolidation 
of a clay sample « initial, primary and sec* 
ondaxy consolidation. Tht phase as 

primary consolidation follows classioal 0on«* 
solidation Theory euotly. 

The Theory developed by Tersaghi 2) 
gives the relation bet^en percentage conso 
lidation U , and time factor t , as 




Corresponding values of U and T given by this 
eq[ttation have been plotted in Jigs. 1 and 2. 


/r 



T 

0-001 OO 04 hO lOO 



FIG. 2 

In Jig, l^U is plotted against \/f and in Jig. 
2 against log T • 

In order to fit the theoretical curve to 
the experimental results it is necessary to 
adjust the scales of the two ws. 

T Cy P T 

Now tine factor ■ I = 

Hr the half thickness of ‘Ene sample, is 
known for any loading increment and hence it 
is necessary to determine , the 'coefficient 
of consolidation. 

U = (2) 

6i^6f ^ 


Where 6 - e^erimental reading at any time t 
theoretical Initial dial reading 
(i.e. at t • 0) 

6r» theoretical final dial reading 
(i.e. at t - oo ) 

6 la given by the test readings and it is re~ 
qulred to determine 6^ , 6? end Cy . 

TAYLOR METHOD . 

This curve fitting method makes use of a 
time curve in idiich dial readings are plotted 
against the square root of time. A typical 
test result is shown in Jig. 3* stimliarity 
in shape between Jigs. 1 and 3 is immediately 



evident. On the theoretical curve a straight 
line exists to beyond 50 per cent consolid- 
ation while at 90 per cent consolidation the 
abclssa is 1 . 15 ^ times the abcissa of the 
straight line produced. The fitting method 
consists of drawing the straight line which 
bests fits the first part of the curve and 
then a straight line which has abcissae 1.154 
times those of the first line. The intersec- 
tion of this line with the experimental curve 
is taken as 90 per cent consolidation. The 
Intersection of the straight line with the 
dial reading axis gives the theoretical init- 
ial reading and hence ^the theoretical final 
reading can be calculated. The time value 
of the 90 per cent consolidation point corre^ 
ponds to the time factor at 90 per cent con- 
solidation ^ 

-0.848. 

dent of consolidation is therefore given 
0,848 

Cy= - 

CASAGBANDB»S MfiTHOD . 

Casagrande's method utilises a plot of 
dial readings against the logarithm of time. 
The results of Jig. 3 ere plotted in Jig. 4 in 
this aaxiner. A similarity in shape with Jig. 2 
is again evident. The theoretical final read- 
ing Is taken as the intersection of the ten- 
gent to the curve at the point of inflection 
with the final straight line produced backward. 
The theoretical Initial reading is found from 
the fact that up to 50 per cent consolidation 
the U -T relation is approximately parabolic. 
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FIG. 4 


T 



It Is Obtained by off the differences 

in ordinates between any two points with tines 
in the ratio 1 to 4, and laying off an eoual 
distance above the upper point. Knowing the 
initial and final points the 30 per cent point 
can be located and the corresponding tine 
value noted. 

Iso/m 0*197 and hence the coefficient of 
consolation is given by 0 197 



For the results of Fig. 3 end 4, Taylor^ 
final reading > 6 ^t * 1153. and Casagrande's 
final reading « 6fc - 1166* The final reading 
after two days was 1122 so that at that tiaev 
the aaount of secondary consolidation by 
Taylor's method was 1151*1122 ■ 0*0029 ine* , 
and by Casagrande's method 1166-1122 ■O.0O44 
ins. 

Due to the occurence of initial consol- 
idation in this test the Initial part of the 
curve la not even approximately parabolic with 
the result that it is difficult to obtain a 
consistent initial reading by Casagrande’s 
method. The coefficient of consolidation is 
from Taylor's method 0.00606 and. from Oasa- 
granda's 0.0065 Hence it may be stated that 
the final readijogs and the coefficients of 
consolidation obtained by the two methods 
differ widely* A weakness of Taylor’s method 
lies in the fact that if an appreciable 


amount of secondary consolidation has occur— 
ed at 90 per cent consolidation, then it will 
be in error* 


Rgg MBTHOD * 

The new method of curve fitting is based 
on the fact that if equation 1 is plotted in 
the form logarithm of Ci-ulagainst T , a 
strai^t line is obtained for all values of 

less than 0*4. This is because the ef- 
fect of the second and subsequent terms in 
the e^ansion for Cl-U) may be neglected 
beyond this point. This is illustrated gra- 
phically in Fig* 5 where the straight line 
obtained by utilising the first term only 
(i.e.n • 0^ is coiqpared with the correct the- 
oretical curve. 

Taking the first term of equation (1; 


toq(i-U)=lo<,^-^T 


Now U=: 
/. i-U = 


6i-& 

6~6f 




Hence sixice t is proportional to T , if 


log 


U-v/ 


is plotted against t , a straight 


line should be obtained. 

The effect of incorrect values of the 
initial and final reading on the shape of the 
curve can be investigated mathematically as 
follows. ^ 

Xiet 6i m assumend incorrect initial 
, reading 

and oe « assumed Incorrect final read- 
ing 
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61^6 6f-6f 

ns-2 and es-J 

6i^6f Si-6f 

/. <5| = <Si+')(4rM *"«' ^=V*(V^) 

Kow tbe incorrect value of U'» lii. 

<5;-6{ 

.•.(S=S!-U'(4'i-6;) 

= 6j^-U(6--6j) from equation (2) 

.•.6.-U(6i-5,)=4i+0(6.-6p)-U'(ii-6,)(Uo-£) 

u + t)= U’((+o-e) 

(1-U')(l*O-£)=0-U)-E (3) 


on the botton scale. The scale Is graduated 
according to the equation Q4 + c 

as — ■ 

Qd+3e 

^ere a is the proportionate distance froa 
the left hand side. 6f is then given by 

“ 1-c 


Using this value log (l-U*), which now 
contains only an error in i) , can be calcul- 
ated and replotted. The curve should now ap- 
proximate to a straight line beyond - 

0.4. If it is produced backwards the inter- 
cept on the ij' axis Is given by 

I dll* . 

Intercept » U - — t 


U- 


^t- 

dt 


n 


■ log 






Let ij=loq(<-u) and ij’= loq(<-U^) 


e^O+q-fi) =e‘*^-£ 




0 ^ 

dt 


-ftll 


di 1 

L 0+r)-c)e'jJ 


['• ‘ ,1 

dt' 



Hence the slope of the curve at any point 
is independent of 13 . e cannot however be 
evaluated directly since is unknown. If 
two points »j* and gL are considered may 
be eliminatea and the error e can he cal- 
culated from the equation 



since is constant. 

Two widely separated noints on the curve 
should be chosen e,g.(1-U7« 0.4 and 0 . 2 . It 
has already been explained thatCl-U')= 0.4 re- 
presents the upper limit of straightness. 

Below (1-U')» 0.2 there may be vitiation of the 
results by the onset of secondary consolida- 
tion. Hence £ can be calculated from the ratio 
of the slopes of the tangents to the curve at 
these points. 

Alternatively the calculation may be 
avoided and the value of-e read off directly 
by the construction of the nomogram in ?ig, 6 . 
In this, oirdinates of the tangent at ij' * 0.4 
cor x^e spending to t » 0 and some other con- 
venient time are set off at the left hand side 
and the corresponding ordinates of the tangent 
at Ij' » 0,2 are set off at the right hand side. 
The intersection of the diagonals drawn be- 
tween these points then gives the value of e 


■ « ** 

• • rj ■ log — X - Intercept 

This can be measured directly from the 
graph to a scale such that one cycle ■ log 10 

- 2.303. « 

Alternatively rj can be obtained from 
^ig. 7 which represents the relation between 
13 and intercept on the ij' axis. This has 
been calculated using the relation , 

iti) 

obtained from equation 3 by substituting £ «o 

d* + nSf 

Having obtained can be 

calculated. i<'i] 

Having calculated the correct initial 
and final points and plotted the experimental 
results in the form logC^-U) against t , the 
time corresponding to a value of U » 0.8 is 
measured. The coefficient of consolidation 
can then be obtained from the relation 

_ TaoHV QStSH^ 


EXAMPLfiS BY NEW METHOD 

The effect of incorrect initial and final 
readings is shown in .Pigs. 8 and 9* A set of 
results which follows Terza^i's Theory ex- 
actly has been constructed from equation 1 . 
They are given in columns 1, 2 and 3 of Table 
II. In Pig. 8 , the results have been plotted 
using different assumed values for the final 
reading. As is shown by equation 4, if Af is 
chosen too great a curve convex to the right 
is obtained, if is too small a curve con- 
cave to the right is obtained, and only if 

Af does a straight line result. In Pig. 9, 
the results have been plotted assuming differ- 
ent initial values and it can be seen that a 
set of parallel straight lines is obtained. 

It should be noted that the correct final 
value can be determined by a process of trial 
and error, the assumed final value being ad- 
justed until a straight line graph is obtain- 
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table U 


T 

D 

a-5, 

a;»190, 3^=90 

£(=190 

df=99.3 

Si = 200 , ^ 99,9 


a.aj 

1 - u' 

d-df 

1^ u* 

dp 

u 

® c^i-i O'cu o-vo ONin® 2 0 

OOOOOOOOOOOOOOOOOiHf-lf-l 

200*^ 

190 

185 

180 

175 

170 

165 

160 

155 

150 

U5 

140 

155 

130 

125 

120 

115 

110 

106.9 

105 

102 

100 

1.00 

0.90 

0.85 

0,80 

0.75 

0.70 

0.65 
0.60 
0.55 ! 
0.50 
0.45 

0.40 

0.35 

0.30 

0.25 

0.20 

0.15 

0.10 

0.069 

0.05 

0.02 

0 

100 

100 

95 

90 

85 

80 

75 

70 

65 

60 

55 

50 

45 

40 

55 

50 

25 

20 

16.9 

15 

12 

10 

1.00 

1.00 

0.95 

0.90 

0.85 

0.80 

0.75 

0.70 

0.65 

0.60 

0.55 

0.50 

0.45 

0.40 

0.55 

0.50 

0.25 

0.20 

0.169 

0.15 

0.12 

0.10 

90.7 

90.7 

85.7 

80.7 

75.7 

70.7 

65.7 

60.7 

55.7 

50.7 

45.7 

40.7 

55.7 

50.7 

25.7 

20.7 

15.7 

10.7 

7.6 

5.7 

2.7 
0.7 

1.000 

1.000 

0.9^ 

0.890 

0.835 

0.780 

0.724 

0.670 

0.614 

0.559 

0.504 

0.449 

0.394 

0.358 

0.284 

0.228 

0.175 

0.118 

0,084 

0.0629 

0.0298 

0.0077 

100.1 

90.1 

85.1 

80.1 

75.1 

70.1 

65.1 

60.1 

55.1 

50.1 

45.1 

40.1 

55.1 

50.1 

25.1 

20.1 

15.1 

10.1 

7.0 

5.1 

2.1 
0.1 

1.000 

0.900 

0.850 

0.800 

0.750 

0.700 

0.650 

0.600 

0.550 

0.500 

0.451 

0.401 

0.351 

0.301 

0.251 

0.201 

0.151 

0.101 

0.070 

0.051 

0.021 

0.001 


^This value la assumed to "be 190 Colunma 4 and 6* 
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FIG. 7 

ed* The correct initial reading can then be 
scaled by the method described above* 

The application of the method is illu- 
strated by the results of Table II. Incorrect 
initial axid fins^ values have been assumed 

- 190 and - 90) and log C<-u') plotted 
against T in Jig. 10. Tangents have been drawn 
to the curve obtained at(1-U*) « 0.2 and 0.4- 
Let (l-lfT* and (1-U*)' be the Intercepts 
of the tangents at T ■ 0 and T « 1.0. Then from 
the curve ^ 

0.862 and - 0.130 

0-U'^- 0.571 and li-U% - 0.166 
Referring to Fig. 6 £ * -O.IO 3 

9Q» 0.<03x1p0 . ^ ^ 3 

1.103 

Using this value of 6f , a new set of 
values of (1'U*) is calculated and plotted.lt 


T 



ThftorcT\cai Curva. E/Ject 0/ Incorrect Fiwl Vslucs. 


FIG. 8 

is seen that the resulting curve is almost 
straight. Producing it backwards the inter- 
cept on the ij' axis is found to be 0.899« 
Referring now to Fig. 7» this gives t] —0.099 
and therefore 

4. = 1£°i^£££i£H = 2oo.o 
^ * 1-ao^ 
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TABia III 


me 

(mas) 



Dial 

Beading 

Sj=193( 

3^ 3,!. 1130 

aj'=1930,3, = ii6i 

Si- 1952 
1161 

0- b p* 

1- U ' 


1- u * 

uu 

0 

(1930) 

800 

1.000 

769 

1.000 

1.000 


1830 

700 

0.875 

669 

0.870 

0.846 

i 

1826 

696 

0.870 

665 

0.865 

0.841 

1 

1820 

690 

0.862 

659 

0.857 

0.833 


I8O5 

675 

0,844 

644 

0.838 

O.8I5 

4 

1788 

658 

0.822 

627 

0,816 

0.795 

6i 

1761 

631 

0.789 

600 

0.780 

0.759 

9 

1729 

599 

0.749 

568 

0.739 

0.717 

12i 

1695 

565 

0.706 

534 

0*695 

0.675 

16 

1661 

531 

0.664 

500 

0.650 

0.632 

202: 

1630 

500 

0.625 

469 

0.610 

0.593 


1594 

464 

0.580 

^33 

0.564 

0.548 

302: 

1555 

' 425 

0.531 

39^ 

0.512 

0.498 

36 

1528 

398 

0.498 

367 

0.477 

0.464 

49 

1454 

324 

0.405 

293 

0.381 

0.370 

64 

1392 

262 

0.327 

231 

0.300 

0.292 

91 

1313 

183 

0.229 

152 

0.198 

0.192 

100 

1293 

163 

0.204 

132 

0.171 

0.167 

121 

1255 

125 

0.156 

94 

0.122 

0.119 

144 

1228 

98 

0.1225 

! 67 

0.087 

0,085 

250 

1169 

39 

0.049 

8 

0.010 

0.010 

300 

1163 

33 

0.041 

2 

0.003 

0.003 


T 



Th«orctical Curya. E^cct cf Incorract Inirial Values. 

FIG. 9 


It will be noted that there is an error 
of 0.7 in ^ • ^Is is a second order ef- 

fect due to the approxlisatioos made in the 
theory end the abnormally high value of e aa- 
Slimed* In practice there Is no difficulty in 
selecting an assumed value for which will 
be much less than 10 per cent In error* How- 
ever if in any case greater accuracy is con- 
sidered desirable there is no difficulty In 
carrying out a second e^proximatlon. To do 
this in the example under consideration it 


will be noted that the error in 6/ only caused 
a deviation from the straight at low values 
of ij* . To rectify this new curve it is only 
necessary to draw the tangent at (1-U') - 0.2 
as the tangent at (1-u') > 0.^ is indistlnguldi- 
able from the straight line already drasm. Ihe 
new intercepts are now 

0-U5j- 0.899 and (l-U')]; . 0.080 
0.880 and (1-U')a - 0.081 
ftjom Fig. 6 e • - 0.0055 


^ 993 + 0,0055x200 

6 .= — = 99.9 

' 1.0055 


Vith the experimental results of Table 
III(figs.3 and 4^ initial and final values 
of 1930 and 1130 respectively have been as- 
sumed. In this case the following results 
were obtained (Mg. 11) 

(l-U'f.- O.8I7 and (1-U')^‘*-0.196 

(l -u|. 0.724 and ( 1 - -0.204 

Plotting on the nomogram (Fig. 6) or by 
calculation gives £ « -0.041. 

^ ^ ii5O+0.OAUiQ3O 

whence 6. s — " ■ ■ — = M6i 

* \.0A\ 

Plotting the rectified values of (4-U‘), 
the intercept on the axis of the strai^t 
line produces is 0.834 which gives r] *-0.028 


t i93o-o.Q2a»n6i _^^^, 

then ^ ^ 0.^72 

Using these corrected figures log (<-U) 
has been plotted against t In Pig. 11. To fi^ 
the coefficient of consolidation, the time 
correpponding to U « 0.8 istao* ^*3 and 
therefore 

^ ^§0 

The close fit between the theoretical 
curve obtained using these values of 6: , 6^ 
and Cy , and the plot of the experimental re- 
sults Is shown In Pig. 12, 
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FIG. 11 


the criticism that a parabolic relatlozi can 
oal 7 be assumed for the early part of the 
curve. The nair method fits a straight line to 
the range of readings U « 60% to 80%, where 
there is every reason to believe that both 
Initial and Secondary consolidation are quite 
negligible. 

The theoretical final reading of Casa- 
grande is purely conventional as the slope of 
his curve at the point of inflection and the 
shape of the secox^ary consolidation curve 
(which is not always a straight line) cannot be 
related theoretically to the end point of Prim- 
ary Consolidation. Taylor's determination as- 
sumes that Secondary consolidation has not 
commenced at all at U - 90% and its accuracy 
depends on the accuracy of the single reading 
closest to this point. The new method would 
permit of Secondary consolidation commencing 
at U « 80% and the final value is based on a 
range of readings. 


OQMPAHISON OF MSTHQDB . 

In Casagrande's method the determination 
of the theoretical initial reading is vitiated 
by any Initial consolidation present. Taylor's 
method avoids this difficulty but is open to 


BEFERMCBS . 

1) Taylor. Research on Consolidation of 
Clays. 

2) Terzaghi and Prohllch. Theorie du Tasse- 
ment des Couches irgileuses* 
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I d 3 TBB MATHB UATICAL SOLUTION FOR THS EARLY STAGES OF CQWflnT.Tri^irTOR 

E.N, FOX, Ph.D. 

Department of Scientific and Industrial fiasearch 
Building Hesearch station 


We consider the standard consolidation 
problem of a clay layer of thickness h mith 
one impermeable face and one free drainage 
face 9 sub;)acted to a pressure Qq uniform 
throughout the thickness appli^ at zero time* 
Using the further notation 

t 

z 

w(0,t) 
c 
T 


time 

distance from free drainage face 
excess hydrostatic pressure 
coefficient of consolidation 
ct/h2 


my 


coefficient of Tolume decrease 
we have the well known Fourier solution* x) 
(reference 1, page 105) 

^ ^ . (2m-i)nZ 

— sr-'" 

which leads to the corresponding form 

for the degree of consolidation jj.. 

This solution for u is not very suitable 
for small values of T, ^when the series is 
slowly convergent, but it was early recognised 
that the initial form is parabolic and on an 
approximate theory, Frohlich (reference 1, page 
48) gives the relation 






for the early stages* 

When this problem was first brought to 
the notice of the present writier in 1938, it 
was realised that the precise parabolic form 
of equation (1) for small T could be investig- 
ated by use of the operational calculus as ap- 
plied by Jeffreys (reference 3i Chapter 5) to 
problems in the conduction of heat, which are 
analogous mathematically to those in the con- 
solidation of clays* 

Using this method (see for example, ref- 
erences 3) and 4) we can obtain in addition to 
the Fourier form (1) an alternative form of 
solution, namely 

idiere erf denotes the error function defined 

tiy .2 (5) 

/ e olu 
V?f /« 

and tabulated, for example < In references 3 
and 5* 

From (4) we obtain, as an alternative to 
(2), the expression 

(6) 

sl) is 

(7) 


where , as tabulated in reference 3» 
defined^ 1^ rm 

For small values of T, however, the 
series part of (6) is extremely small, indic- 


ating that the parabolic relation 





holds in the early stages to a hi^ degree of 
accuracy, as quoted by Cooling and Skempton 
(reference 5i psg® 5^8) from the author's work 
and later by Terzaghi (reference 2, page 284) 
with source unstated* 


If we denote the error (to be subtracted) 
in using equation (8) by H, then ftom (6) we 
have 

^ere 



But since erf x^ 1, we see from (7) that 
is a positive function idiich decreases as x 
increases* Hence in (9)i the successive terms 
arsy alternately positive and negative and de- 
creasing In absolute magnitude* Hence R will 
be positive and less than the sum of the posit- 
ive terms, namely 


n<A\fT 




(iO) 


How from (5) and (7), It is easily shown 
by integration by parts that 


§,M= 




3x e-xg 

ZVn Ja 2v^x^ 


(n) 


Hence from (10), 


Te-»T^A 


and if we replace the exponential factor 
each term by its greatest value for n = 1 
use the known relation 


( 12 ) 

in 

and 



03) 


we obtain the inequality 

i 3 » 1 

p<_TrTT^e + 

Using this equation we obtain the second 
column in Table 1 oelow, i^ich indicates the 
extreme accuracy with which the parabolic form 
(8) represents the theoretical solution for 
small values of T. 

How we can write (2) in the form 

05) 

rr* 

Where will be negligible for medium 
and large T* Using (13), It is In fact easily 


X. ) In reference 2, page 274, equation (I) is 
misquoted as applying ^en * is measured 
from the Impemeable sujtface* 

za) It is also tabulated in reference 4 under 
the notation '*ierfc x** 
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8e«n tbat 



« 6 ) 


irtilch giT68 tha third coluoai of Table 1* 


TABTa : 

L 

T 

H< 

Rl< 

0.1 

2.0 X 10"® 

2.1 X 10-2 

0.2 

8.4 X 10-^ 

2.2 X 10-3 

0.5 

8.2 X 10-3 

2.4 X 10-^ 


B7 ylrtue of this Table we can write 
M=2^ , 0*tT<0,2 

tT 

^zzi — -e , T>0,2 


jr* 


(<7) 


as a simple composite solution correct to er- 
rors of 0.002 or less in u . When T =; 0.2, 

U = 0*504 and since the 'order of error Is re- 
latively unaffected by a small alteration ofu 
or T» we can equally take u = 0*5 as a conve- 
nient change-over point* ' 

For less than 50 per cent consolidation, 
the parabolic form C8) Is accurate to an abso- 
lute error of less than 0.001 (or a fractional 
error of le^ than l/500th) in u and a plot of 
u against ^ will be correspondingly linear* 
On this basis Cooling and Skempton (reference 
5) have used (8) to estimate the coefficient 
of consolidation from the Initial portion of 
experimental consolidation - root time curves. 

It is perhaps worth noting that equation 
(8) corresponds to a total settlement 




( 18 ) 


which is independent of df and is in fact the 
exact theoretical total settlement for a layer 
of Infinite depth* The hic^ accuracy of the 
parabolic form for a finite layer thus implies 
physically that for T < 0*2, i*e# t < h2/5c, 
the layer behaves as one of infinite depth so 
far as total settlement is concerned* Convers- 
ely, we can say that to the same high accuracy 
for ei^ given time, all layers of thi^cness 
h^Sy& will have the same total settlement* 

^e present note has been written to indic- 
ate the derivation of the parabolic form (8) and 
in particular to give numerical estimates of 
the error involved in its use* Apart from this, 
it may be noted that the operational calculus 
can equally be applied to other consolidation 
problems to give alternative forms of solution 
lAilch together will generally enable the 
theoretical consolidation-time curve to be 
evaluated with small numerical effort* 
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OH THE COMISSSSIBILITY OP PRBCOHSQLIDATE!D SQIL-LAYBRS 
RiHASPRLI 

Laboratory for Rydraulic Research and Soil Mechanics 
of the Swiss Federal Institute of Technology, Zurich 


I. DEglHITION OP THE PROBLEM . 

The formation of a proper judgement as 
to the possibility of consolidation of the 
subsoil is the main problem of settlement 
predictions, both qualitatively and quantita- 
tively. It is therefore desirable to obtain a 
better Idea of the essence of the compacting 
process, and an endeavour has been made to do 
this by means of a simple model, which may 
serve as extension to the model Investigations 
carried out by von Terza^i 1) 2). In addition 
to that, in the regions affected by the last 
Ice-age, the difference between the soils once 
loaded by glaciers, l.e. preconsolidated 
ground, and the fresh deposits made after the 
ice age, with regard to their conq^resslbllity 
ia particularly great. It Is therefore necess* 
10^ ;!»> for^ a clear idea of the influence of 


the preconsolidation load on a aoll. In con- 
nection with this, from the point of view of 
soil mechanics among the questions arising, 
the three following ones are of fundamental, 
importance: 

1) How does the mag^tude of the preconaolid- 
ation load affec^t the compressibility or a 

looaeaelSent slowly relieved to a given 
pressure? 

2) Bow does the magnitude of the relieved 
load affect the compressibility of a loose 

-sediment for a given preconaolidation load? 

3) What conclusiona can be dram from the 
replies to qu6&tiona(l) and(2) with respect 

to the ju^^ent of ^undisturbed samples" and 
how conaolidatiDg testa must be arranged a nd 
evaluated in order to obtain a perfect basis 
for settlement analysis? 
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Before replTiag to these queatlona soae 
fu&daeentel coaceptlo&fl hsye to be explaSjiedy 
and the results of certain series of InYesti- 
gations discussed* 

II. THBOREPIOAL OONSIDiRATIOHSt 

If a saturated loose sediment, prerented 
from extending laterally, is subjected to a 
load increasing by steps (oedometer test), the 
specific settlement may be represented as a 
function of the natural logarltn of the press- 
ure with sufficient accuracy by a strai^t 
line (atrai^t line of settlement), of the 
' form 3)5 

(0 

idiere m)i h -hj 

\ « primary specific settlement - — * — ^ 

(cf. Fig 1) K 

4 ^ coefficient of compressibility 

X-- loading index - — , inhere <rj • 1 kg/cm^. 

ffj 

The coefficient of compressibility Aeis 
consec^uently that specific settlement idiich 
the sample’ eiqieriencea by increasing the com- 
pacti;^ pressure from (r*lto(r*e* 2,72 
kg/cm^ As is known, for a given material no 
definite relation exists between the specific 
settlement and the consolidating pressure, 
since a different settlement straight line is 
obtained for each initial water content .There- 
by it holds good that, with increasing Initial 
water content, also the inclination of the 
corresponding settlement straight line becomes 
greater until a certain limiting value is 
reached. This limiting value is obtained when 
the water content is chosen eg,ual to the Atter- 
berg flow limit. According to that, also A. is 
not to be regarded as a material constant, but 
as a constitutional magnitude whose value also 
lucre 8Lses with increasing Initial water con- 
tent. 

If the latter is chosen equal to the Atterberg 
flow limit, a maximum AeV®lue is obtained, 
irtilch is best suited for comparing the compress- 
ibility of different loose sediments 5)* 

If the behaviour of the plastic loose se- 
diment is to be compared with that of elastic 
solid stone or other material, it will be found 
suitable to characterise the compressibility 
of the loose sediment by a magnitude corres- 
ponding to the modulus of elasticity, this 
magnitude being obtained as follows by drawing 
tangents to the settlement curvet 





( 2 ) 


This equation shows the well-known fact 



FIG.1 


that the modulus of plasticity Ifo, nhich is 
expressed in the same units as the modulus of 
elasticity E, is directly proportional to the 
compacting pressure Cl and indirectly propor- 
tional to the coefficient of compressibility 
A^of the loose sediment in question. In order 
to compare the different kinds of soils on one 
common basis, we select as consolidating pres- 
sure (Ti. ■ 1 kg/cm^ and form the corresponding 
modulus of plasticity; 

M- = -^ ; (r;=1kq/cm* (3) 

^ A* 

The two coefficients Ac and Mg of “tiie differ- 
ent kinds of soil are in reciprocal relation 
to each other, and vary approximately between 
the limits given in table 1: 


TABBL 1 


Type of soil 

^ a lnS( 

in kg/om^ 

Feat 

day 

Loam 

Huddy sand 

Sand 

Granrel saxkd 
Molasss marl 

10— 30 

5-15 

2-10 

1-5 

0,5-2 

0,4 - 1,5 

0.02 - 0.5 

1 1 1 1 1 1 I 


X 3 n»h4« fundamental law was discovered in the Institute for ^yd^8cullc Besearch in 
1934 absolutely independent of the classic imrsstigatlona of Tsrsa^ onnthe 
pressure wold ratio diagram, thus oonf izming the latter 2) and 3) 
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If then a material compacted under any 
desired pressure e , with admission of wa 
is gradually relieved and then loaded again 
is icnown that the hysteresis loop illustrat 
in Fig. 1 is obtained, the rising branch of 
which is designated as swelling curve and t 
descending branch as reloading curve or cur 
of secondary setting, or consolidation. In 
manner analogous to the primary consolidatl 
being characterised by the A^-value, the be 
viour of the material when relieved and re- 
loaded can be characterised by the followin 
two magnitudes which may be calculated from 
the two branches of the hysteresis loop 
(cf. Fig. 1); 

1,1 « secondary coefficient 

A* — --1 — ot compressibility 

w 

a" — -ii-ziifi. 

"e” ^ - swelling coefficient. 

In order to standardise also this teat, 
and thereby make it possible to compare the 
different materials, the consolidating and re- 
lieving pressures nhich bound the hysteresis 
loop were chosen by us not arbitrarily but 
uniformly, namely <T{ - e and 1 kg/cm^ respect- 
ively. From this standard test also the moduli 
of plasticity can be derived for the relieved 
loading and the reloading. But since the law 
of the logarithmic straight lines for the two 
branches of the hysteresis loop is only partly 
complied with, to determine Mj;* we use not the 
tangents to the corresponding curves but the 
chords between the points of the specific 
settlement 0^ and * e kg/cm^. From this we 
have the corresponding: moduli of plasticity: 


1 1 

^J2 


l^ = — <r,= 
A#* 

At* ’ 

(5) 

.11 

1 , 7 ^ ^ 

for reloading 

■^e 

0^ 

Ac" 

for relieving 


Since the and a' 4 values are only a relativ- 
ely small fraction of the Ae values (about V3 
to 1/10, depending on the kind of material), 
the Mg* and Mg'* values become as a rule a 
multiple of the modulus of plasticity Mg. of 
the primary consolidation. This account? for 
the considerable influence of preconsolidation 
load on the magnitude of the settlement. 

As an example, the coefficients of the 
plastic behaviour spoken of are brought to- 
gether in table 2 for the loose sediment used 
in the following investigations: 


separate grains are not directly in contact, 
the transmission of force from grain to grain 
takes place mainly through the film lying be- 
tween them, this film corresponding to the 
molecularly combined water of the loose sedi- 
ment. For this film there is a certain critical 
compressive stress (boundry loading) and 
when it is exceeded, the material yields latere 
ally. If our system is loaded, the closest 
force-transmitting surfaces f must accordingly 
be formed in such a way that the boundry load- 
ing is just reached in them. If the exter- 
nal loading is increased, a fresh equilibrium 
can only be established by the grains moving 
together, thus giving rise to a corresponding 
increase in the contact surfaces f (coo^are 
Fig. 2, top). The volume of the plastic inter- 
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TABLE 2 

Coefficients of compressibility and moduli pf plasticity. 


Material 

A. 

a; 


n 

“e' 

2 

“e" • 

. 2 


% 

% 

% 


‘kg/ cm 

kg/ cm 

Brick clay 16^2 

9,12 

1,40 

1.23 

11 

123 

140 

Loam No« 2101 

5,08 

0,52 

0,38 

20 

331 

^53 


After that an endeavoxir shall be made to 
explain the fundamental law of primary con- 
solidation (equation 1) with the help of an 
imaginary model, without taking into consider- 
ation the influence of time which will be in- 
cluded later 4). This model consists of separ- 
ate grains which, as shown in Pig. 2, are sur- 
rounded by a tou^, plastic film. Since the 


mediate substance then remains practically un- 
changed. Since the contact surface increases 
proportionally to the external pressure, the 
decrease in distance between two grains with 
the same increase in pressure will always be 
smaller the greater the consolidating pressure. 
Our model must therefore have a compressibil- 
ity decreasing with the pressure, i.e. an in- 





creasing modulus of plasticity, as is the case 
with loose sediment or with snow. 

In order to pass over from purely quali- 
tative considerations to analysis, we desig- 
nate with f^ the sum of the contact surfaces 
per unit of surface for the consolidation pres- 
sure 01-1 hg/cm*^, and with f^ the corres- 
ponding sum for C71 - dl , Then according to the 
above, fi must be proportional to the compact- 
ing pressure, i.e. 


i 



( 6 ) 


For the contact sone (meridian section) 
illustrated idealized in Fig. 3, the contact sur- 



Contact zone of two separate particles 
of the model. 


FIG, 3 

face f^ » has been established under the compact- 
ing pressure a\ , idiilst half the distance be- 
tween the centre points of the grains amounts 
to r.. If the external pressure is increased, 
the two grains approach each other by the a- 
mount 2y, whilst the contact surface of f^ * in- 
creases to * . We assume that the ratio of 
to increases with y according to eua ei^ionent- 
ial function of the form: 


f; fi 


(7) 


For reasons of similarity it also follows; 


y Ah 
'i "i 

-i- 


and consequently: 


( 8 ) 

according to equation 6. 


TABLE 


^5 

By taking logarithms, from equation(8) we ob- 
tain finally: 


|3=-L=Mp q.e.c(. (p) 

A, ^ 


£quation(9) is identical with equation 1). The 
e^qponential function chosen for the ratio 
fi* : f ^ * consequently leads to the known loga- 
rithmic law of primary settlement* The equation 
of the curves illustrated in Fig. 3 is accord- 
ingly as follows: 



If one had to deal not with plastic masses, 
but with the transmission of pressure between 
two TOlld bodies, whose form would correspond 
to tne symmetrical solids of revolution accord- 
ing to Fig* 3 and whose compressive strenght 
amounts to <3^ the compressibility of the system 
would also have to be expressible by equatiQn(l)* 
The considered model may therefore be trans- 
mitted also to sand, whose behaviour - except 
of time effect - differs only slightly from 
that of loams and clays, although the solid 
bodies to a large extent are in direct contact 
with each other. On the other hand, if a metal 
point is constructed of the shape ABC and, as 
in the cone teat, pressed under different load- 
ings into a horizontally bounded material con- 
sisting of loam or clay with a given flow limit, 
penetration and pressure must also depend on 
each other as formulated in equation(l), only 
with the difference that, instead of <r the trea- 
sure P has to be substituted. Such penetrations 
will also occur when materials of mixed grains 
are pressed together (for instance moraine), and 
the pressure of sharp-sided grains is transmit- 
ted to fine clay laminas packed with liquid 
films. 


III. ARflANGBMEST AND RESULTS OF THE TESTS , 
a) Teat arrangement . 

Correapondln^to the questions 1) and 2) 
posed in the definition of the problem, two test 
groups were to be distinguished from the start, 
namely a group I with variable preconsolidation 
load (preloading) and constant relieving load- 
ing, and a group II in idiich on the contrary 
the preloading is kept constant but the reliev- 
ing loading is varied. In the third test group 
(III) the preloading as well as the relieving 
loading was varied, and in such a way that the 
latter always amounted to one half of the for- 
mer. These three groups of teats were further 
subdivided as shown in table 3; 


l«A; 


= tn X- 


Summary of the conditions of the tests 


Group 

Designa- 

tion 

Mate- 

rial 

No* 

Freconsolldation 
load 2 
in kg/cm^ 

Relieving load 

2 

CTy in kg/ cm 

I 

I a 

1632 

0,25-0,5-1-6-4-8-16 

0,04 


I b 

1632 

4-6-10-12-14-16 

1,00 

II 

II a 

1632 

e = 2,72 

1 , 0 - 0 , 5 - 0 . 25 - 0,125 
- 0,04 


II b 

2101 

16 

8 - 4 - 1 - 0 . 5 - 0 , 25 - 

- 0,04 

III 

ni 

2101 

0 f 5~I*'2— 4— 8— 16 
i 

0,25-0,5-1-2-4-8 






For the teats la, Ih and XIa the nunber of 
saaples had to he the sane as the nuaher of 
loading coahinations. Tests No» Ilh and III on 
the other hand were carried out each on one saa- 
pie by cyclic alteration of load in one slnede 
testing operation* The duration of one loaii 
increment aioounted noraolly to 24 hours* The 
influence of the duration of loading was only 


aore closely investigated during teat lib* 

The apparatus used was the oedoaeter 
Jcnown froa publications, with a cross-section- 
al area of 25 ca^ and taking saa^les 2 ca hl^* 

The aost important properties of the aate- 
rials used for we testa are suamarised in 
table 4* 

4 


TABLE 

Characteristics of the teat aaterlala, 


Property 

1632 

2101 

Flow liait (Ateerberg) f in % 

55,7 

32,6 

Plastic limit a in % 

Coefficient of plasticity 

22,9 

17,9 

p = f - a in % 

52,8 

14,7 

Coefficient of compression 



^cin % (^sturbed) 

9,12 

5,08 

Coefficient of permeability 



k^QO cm/sec 

2,0.10*® 

3,6.10*® 

Grain distribution. 



0 - 0,002 

36,6 

18,5 

%byweigl.t 

40.5 

22.6 

«.9 

38,6 

0,2 - 2,0 

0,3 


Lime content approx, in % 

27,5 

38,2 




Stress ’-index A/ ~ = 1kg/cm^) — ► 


Htsteresta loops of teat la 

FIG. 4 



b) ^at results * 

Tast group 

yor test la the curves of the prlmarj coa- 

f ressisg* of the relleviiig and of the reload- 
ng have been plotted In Pig. 4 and compared 
with each other to normal or aeai-logarithalc 
sc^e* It should be noted that the swelling 
curves in the logarithmic scale lie closer to 
the straight lines than the secondary load 
settlement curve when reloading. The hysteresis 
loop therefore originates becauset ^or obvious 
reasons, a departure from the straight line 
occurs at the beginning of the relieving as 
well as at the beginning of the reloading.The 
essential result of ^the tests consists in that 
the values and 2 ^^ scarcely vary with pre- 
consolidation load, l.e. they may be regarded 
as practically nearly independent of the 
of preconsolidation load, as can cleeLTly be 
seen from Pig. 5a. 'Jith higher preconsolida- 
tion loads and less relieving (test lb), this 
constancy holds good only for the secondary 
coefficients of compression Ae « whilst the 
swelling coefficients ejdiibit an evident in- 
crease with increasing preloadingCcf . Pig. 5b) • 

Test group II . 

According to fig. 5# test Ila, in which 
in contrast to test group I the preloading was 
kept constant at e * 2,72 kg/cm^ idiilst the 
relieving on the other hand varied between 
0,04 and 1 kg/cm^, gave exactly the polar re- 
verse of the result obtained vdth teat lb: the 
A^values showed an approximately linear in- 
crease as relieving proceeded, i.e. with in- 
creasing relieving stress. This is to be ex- 
plained by the relieving favouring the re- 
generation of the original structure, due to 
the swelling process connected with the relieve- 
ing. Therefore, the closer the relieving stress 
approaches the value 0, and the longer it is 
effective, the more is the compressibility 
with reloading* On the other hand, it is self- 
evident that the Aj^ values must be independ- 
ent of the magnitude of the relieving. 

With test Ilb, in which the preloading 
was raised to 16 kg/cm^, fundamentally similar 
conditions as in test Ila resulted. For Il- 
lustrating them the ^ole load cycle was plott- 
ed in Pig. 6, both to normal as well as to 
semilogarithmlc scale. The logarithmic re- 
presentation shows clearly that the hysto^sis 
loops rapidly become broader with increasing 
relieving load or smaO^ler relieving stress* 
Connected therewith we have the seconda]^ 
settlement curves (reloading) becoming ste^er 
the more intense the relieving; this has al- 
ready been shown In test Ila* The comparison 


f ^ 2 28 % 

a) Test Id. ^e = 7M%a^'eraffe 


% 


223 


1“ ^ I PeUet^e stress 0,04 kg/cm^ 

Consolidation ^pressure (preconsolidation) 

^ 0 OS 1 f 4 S kg/cm^ 8 

b) Test !b ; Ae = 8,66% average A) - 1,4i% 

^1 ^ ^ L, 240 140 jAe 2,44 


/ 1,64 1,36 1,42 1,48 1,49 f,3S 

1“ Reiieye stress O'* - 1,0 kg/ cm^ 

" ^0 Consofidation pressure kg/cm^ 

0 2 4 6 8 to 12 H ts 

c) Test Ha , Ae=^8,6S% , A(' = 1,26% 

^ ^ -u 

^ ^ 

I" ! (average) 

^ [ 

Relieve stress O* kg /cm^ — ♦ 

^0 0,04 0 , 12 s 0 , 2 s 0,S to 

Secondary coefficients of coimresslbilityC Ae ) 
and swelling coefficients ( A e ) f^^ tests la, 
Ib and Ila* 


of the two representations to normal and semi- 
logarithmic scales shows also that with slight 
relieving the secondary specific settlement is 
nearly proportional to the pressure, but with 
much relieving on the other hand proportional 
to the logarithm of the pressure* In order to 
recognise the dependence of the compressibil- 
ity on the relieving stress - always with con- 
stant preloading - it la preferable to compare 
the Mm* ? values for the load range from 8 - 
16 k^cm? according to table 5« 


2 

Mt-values far the loading range of 8-16 kg/cm as a function 
^ of the reltaving stress c~u with constant nreloading Ci — 


( material 2101 ; test IXb ) 
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Q^steresls loops from test IIb« 


FIG. 6 



t 



.C 




fiefiev stress 6^ in kg/cm^ 

Modulus of pXeyStlclty as a function of the 
relieving stress. 


In contrast to the standard test with 
Mei» 20 and 11®*- 331 kg/cm^, the moduli of 
plasticity for the load increment of 8-16 kg/ 
cm^ fluctuate here, according to the degree 
of relieving, between 775 and 4450 kg/co*^. 

Very striking is the great Increase in com- 
pressibility with increasing relieving, or di- 
minishing of the relieving stress (Fig. 7). 

The influence of the duration of the 
relieving time is seen particularly clearly 
on the other hand in Fig. 3, ^ich illustrates 
the hysteresis loops for two parallel tests 
with relieving times of 24 hours and 5 minutes 
respectively per load increment. In order to 
show that the swelling process is in the first 
line decisive for all these occurrences, a 
analogical loading cycle was carried out with 
dry material powder for the purpose of com- 
parison (Fig. 3). The corresponding moduli of 
plasticity gave the following values: 
Saturated, load alteration every 24 hours 
MB’ - 575 kg/cm2 

Saturated, ^load alteration every 5 minutes 
143Q kg/cm2 

Dry powder^ load alteration every 5 minutes 

3^*00 kg/cm^ 


Test q^jup III . 

in test group III, in ^ich the reliev- 
ing stress <X[t was always the half of precon- 
aolidation load , increase of the moduli 
Mfi* and Mg** was approximately proportional to 
preconsolldatlon load OJ , the moduli referrii^ 
each time to the uriiole range of the relieving 
(table 6). 


FIG. 7 
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fABLE 6 

Basults of test III ( Material a01> Ae »v>5.0 ») . 


Freconsolidation 

load 

2 

kg/cai 

1,0 

8,0 

16,0 

Relieving stress 

tf 

0,5 

4,0 

8,0 

Mg' (<r„-(^) 

ft 

114 

840 

1290 

“e" 

n 

177 

1510 

2600 


tt 

Ai 20 

w 160 

320 



^Dependence of the hysteresis loop on the diir* 
ation of the test. 


FIG. 8 


ProM table 6 it can be seen that ^e see* 
ondary modulus of plasticity IfE* is here about 
4-6 times greater than the primary one. 

In carrying out and OTaluating the teatSf 
we are indebted to the engineers F. Germann 
and R. Cebertowics for their collaboration. 


IV. OOHCLOSIOH3 . 

then inwestigating the compressibility of 
loose sediment it will be found preferable to 
start from the specific settlement. Throng 


the model described in section IX, it becomes 
comprehensible that the specific settlement or 
the void ratio increases in p3?oportlon to the 
logarithm of the pressure. Based on the results 
of tests carried out up to the present, iriiich 
refer for the moment only to the behaviour of 
two typical representatives of fine-grained 
loose sediment« the questions posed at the 
start may on the other hand be answered as fal- 
lows: 

1) The secondary coefficient of compression 
A^is, with constant relieving stress^ practic- 
ally independent of the height of preconsolid- 
ation load* 

2) yith a given preconsolidation load, the 
material is all the more compressible, or 

the value is all the ^eater, the more the 
material has been relieved before the reload- 
ing, or the more intense the swelling process 
was. The last-mentioned causes a partial re- 
generation of the original-structure. 

3) The relieving due to the removal of the 
sample from the natural layer causes a dis- 
turbance which can hardly be avoided. The 
sample should be taken in such a way that the 
swelling process is absolutely prevented, and 
this gives new points of view for the further 
development of the samplers ?)• Also the 
packing of the samples into the oedometer of- 
ten entails disturbances. The results of the 
compression tests with so-called undisturbed 
soil samples must therefore be Judged with 
very great care* Much more reliable are care- 
fully conducted settlement testa on undis- 
turbed layers of soil in order to determine 
the modulus of plasticity Ms* 

The result of field tests will prefer- 
ably be checked by laboratory testa, the oedo- 
meter being used to determine the secondary 
coefficient of compression or the corres- 
ponding modulus of plasticity 1^' . The e:cper- 
ience made by ua up to the present shows 
that, with preconsolidated soils the two values 
M/and Mw* as a rule to a large extent agree 
with eacE other, vdiich Is to be attributed on 
the one hand to the sll^t dependence of the 
compressibility on the height of preconsolid- 
ation load, and on the other hand to the fact 
that in one method of testing as well as in 
the other, only a relatively slight relieving 
of t^ material takes place. The determining 
of Mg is based on the accurate meaaurements of 
settlement by means of special appliances. 
Oheir adoption in a borehole makes it possible 
to test the subsoil with respect to Its com- 
pressibility. Fig 9 shows an appliance design- 
ed by the Soil Mechanics Department with the 
collaboration of W. Schaad, engineer, for 
testing the subsoil when constructing the 
Qoten airport 8). 
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Light, movable aettlement recorder, Eloten 


FIG. 9 

The connect ion between settlement and 
l^-value is given by the following equation* 



where D is the diameter of the circular-shaped 
loaded surface* 

Squat ion(ll) gives at the same time the 
relation between the modulus of plasticity, 
the coefficient of subgrade reaction C (ratio 
of soil pressure to settlement) ^ and the dia- 
meter of the loaded surface , the following 
holding good; 


M? =— D = C.D 

y 


( 12 ) 


C « coefficient of sub- 
grade reaction 


Finally, the methods illostrated here 
must be regarded as symptomatic for that new 
development of soil mechanlea which is making 
efforts for further extension and increased 
adoption of field teats on undisturbed layers 
of soil, since the mere removing of the se- 
parate samples from the entirely of the soil 
entails a sensible disturbance in consequence 
of alterations In stressing* fhe coordination 
of field and laboratory tests leads to mutual 
extension and checking. l!his is the middle 
course ahioh avoids the danger of onesidedness 
that may occur vdien one or other of the methods 
of testing is adopted exclusively* 
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SUB-SECTION I e 

SHBABIMG STRBIGTH AMD BQtnLTBBTUM n> SOTTfi 


OM THB U.V 0 ? FKtCTIQM ng SaWT 
Takeo Uogaal 

Prof., Tokyo University, Japan 


1. The lew of friction of send tells us that 
the shearing stress on the sliding sur- 
face is proportional to the noxnal stress on 
it, when the failure of the send mass Is go- 
ing on. On the other hand, Mr. Reynolds 1) 
has pointed out that the characteristic pro- 
perty of sand concerning the motion of It Is 
what he called **dllatancy*' , namely that the 
volumetric change In sand occurs when the 
shearing motion begins • Mr. Jenkln paid bis 
serious attention to this property 2), and 
he performed careful experiments. He pointed 
out that the friction angle between sand lay- 
ers varies as the coo^actness changes. He 
concluded that these facts show what Is call- 
ed "dilatancy". Mr. A. Casagrande 5) has 
also shown that the "critical density" is ob- 
served when the sand mass begins to fall. 

Mr. Casagrande *B "critical density" may be 
closely related to Mr, Reynoldses dilatancy. 

We Intend to investigate in detail the 
nature of failure of sand mass along these 
lines of Idea. 

2. BXPERIMENTAL PACTS . 

a) We performed the so-called shearing tests 
with various kinds of sand. The apparatus 

is that described by Mr. N, TamaguObl in the 
Proceedings of the international conference 
on soil mechanics and foundation engineering, 
held in June 1936, vol. II p. 42, 

Our e^eriments were performed for the 
following kinds of sand; two kinds of sand 
used for the standard tests of cement mortar, 
in our country; the one finer, (0,3 mm in 
diameter), the other coarser (1.2 mm in dia- 
meter); a kind of river sand (larger than 
2.36 mm 15 . 6 %, 2.38 mm to 1,19 am 30.15%* 

1.19 mm to 0.59 am 28.05%, 0.59 mm to 0.297 
mm 16.70%, ampler than 0.297 am 9.10%). 

All kinds of sand are tested in dry and 
vet conditions. 

b) Tests peiloimed. 

The shearing test of soil usually perform- 
ed in our country is executed as follows. At 
first, the BOil sample is placed in a 8heax<- 
ing box of our apparatus and then applying 
a constant load vertically on the upper sur- 
face of the sa^le, then the middle box is 
pushed laterally, the soil sample is sheared 
off at the boundary planes which separate the 
middle box from neighbouring upper and lover 
boxes. There are many defaults about this 
method of test in case of sand; then the new 
method which is effected by the same equip- 
ment la proposed. This method is verified to 
be very satisfactOCT by experiments. But the 
most important point is that the mechaniam 
Of motion of aand may be investigated cloae- 
ly by this method of experiment. A new method, 
we proposed, is as follows. No load is spoiled 
vertically on the upper surface of the soil 
ftn«pia at first, shearing off the soil saiq^le 
as above stated* At the same time, the 
heaving up motion of the upper cover plate la 
measured. As the shearing motion advancaa tha 


upper cover plate is heaved up by aand, this 
snows the property "dilatancy". Some resulta 
obtaiiMd are illustrated in the figures 1 to 
fig. 3 end fig. 5* 



DlfplsMmt of tao box U oa. 


FIG.1 
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FIG. 2 

c) The motion of sand. 

The motion of sand near the shearing plane 
is observed closely and the conclusions as 
described below are obtained. In the first 
stage of the ahearlng motion, the sand layer 
near the ahearlng plane la made to be loose, 
in this stage the motion is similar to that 
of viscous liquid and this layer of motion 
has a finite breadth and the cover plate on 
the upper surface is heaved up by sand con- 
tinuously. But iriien the second stage which 
we call it SB steady state of motion is readi- 
ed, tha motion beeomaa stationary and the 
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of til# aiidlo boa la «•; 


FIG. 3 



FIG. 4 


heaving up motion of the cover plate and the 
generation of the vertical force will stop, 
the ehearlng force becomes constant. In 
the first stage the angle of intemal friction 
calculated by the following formula, namely 
tan 0 - T/h 
, irtiere 

T - S/2A s The shearing stress, 

8 : The shearing force, 

A : The sectional area of 

the shearing box, 

n K K/A : The vertical normal stress, 

N t The developed vertical 

force due to shearing mo* 
tlon, 

is not constant, and In the steady state It 
attains a constant value, approximately equal 
to the angle of repose of the sand tested or 
in some cases, after reachiz^ a mlnimiim, it 
increases a little* 

This shows that the Coulomb's lav of 
friction does not hold when the state of mo* 
tlon of sand is not steady* But It holds in 
the steady state of motion of sand* Vhen the 
steady state of motion Is reached the region 
of motion is confined in a very thin layer and 
then it may be concluded that the sliding suzrw 
face is found in the steady state in place of 
sliding layer* 


5. THEORETICAL COHSIIgRATIOHS * 

a) As the relations between stresses and strain 
velocities of the sand in motion, we 
assumed the following formula* 



, where u, v, tr are the velocity components 


and p is the meem pressure, namely 

-p» i(OV»Qru»ori). (3) 

and m la a constant* ^ 

In tbs above relations, if we consider u, 
T, w as the displacement conponents, these 
formulae are the same as those due to Bonssi* 
nesq in his theory of the pulverulent masMS* 
Vhen the motion is not steady, the above men^ 
tioned formula are considered as to be a rough 
aroroxiaation, because the rate of the volume 
dilatation is not sero* 

The validity of these relations would be 
inferred from the results which are stated in 
the followings. 

b) The principle of minimum rate of energy 
loss* 

When the motion of sand is steady it may 
be verified that the possible manner of motion 
is determined from the principle, above stated* 
The time rate of the loss of energy in the 
sand in motion is formulated from the rela- 
tions (2) as follows* 



Taking the variation of this equation we have 



xoxm the equation C2} end C5) ve can obtain 


Then we get 


Ux 6tj 6z) 
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we can obtain the equations of motion of sand 
in the steady state, namely when the accelera- 
tion terms in equations, are sero« 

In these bqnationa, if consider the 
formulae (2) we have the well known equations 
of motion in case of the steady state, i* e*, 


dtrn 
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c) The law of friction and the above theorem* 
When the motion is considered as 2-dimen— 


sional and we can assume that, 

T^ = 0, Tm* 0 , bw/d2 = 0 

the variation of the time rate of the energy 
loss In a moving layer of sand is written as 



£u case of 2-dinenslon, the formulae (2) be- 
oomes very simiple and we get 


P = 


Ok* era 


^ bo « 6v Ok-Cfx 
imp— .-imp-. _ 


, / 6v bu \ 


T.y 



Then we can transform the equation of the 
time rate of energy loss as follows (refer- 
ence may be made to Mohr’s circle, figure 4) 


^ = -1 [psin*u»dV. O 2 ) 
dt m j V 

From the fomnila (9) we can say 6p»0tdien 
applying this formula to the elenentaaor 
volume of sand mass, we can conclude, that if 
the motlcu of sand is steady the angle between 
stress and the normal to the surface which 
the stress acta is minimum, say, • 

If ths real angle between stress and the 
normal is larger than 4 the motion is not 
steady axid if It is lass than ^ , ths motion 
of sand cannot occur* 

This conelusion is not other than ths 
Coulomb's law of friction. 


d) Formation of the sliding surfscs in sand. 

We Bssume the motion as 2— dimensional and 
we take the axes X and T as shown in the fig. 
5. 


ve consider that the sand la^r be- 
tween y « 0 and 7 • h la moving from left to 
right and the sand masses which lies in the 
region y < 0 and y > h, are in motion as a 
whols. 

In this ease we can put 


CTy- 'p ♦Zmp 


rg,=»0 Tix-0 T»y=mp 


by 

by 

bu 

d.ij 


0-2 


p) 


then the equations of notion of sand mass 
is as follows. 




=;0 


y namely 


d / du\ 
dij(^'dij) 


.^+0=0 

<=•!) 


and 


— »0 (15) 

dy 


Solving above fundamental equations Of steady 
motion of sand between y • 0 end 7 • h under 


1) 
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the bovmdary conditions 

at y - 0 u - uo 

at T • h " ■ “x , - . . 

where ♦ and ♦, are the angles of friction 
itT* 0 iid y - h respectively, we can get 
the following rwsults. 


j T.u/(r,j|*|-an (16) 

T.ij/o-^Ufan (17) 


-n = -Q(h-u)-p. (16) 


( 18 ) 



Prom tne equation (18) we can conclude 
that the pressure distribution in the moving 
sand layer is hydrostatic and the equation 
(19) tells us that if the friction angle at 
y - 0 is leas than that at y - h we get 
h \ 0 and in the reverse case we have h < 0. 

And if these angles are equal we have 

Then we can say that if the angle of 
friction at y • 0 is larger than the angle 
of friction at y « h the steady motion of 
sand in a layer of finite breadth cannot 
occur and if both angles are equal with each 
other the breadth of the layer of the sand in 
motion reduces to sero. , , 

Of course, the theoretical calculation 
is for the steady notion of sand, but we nay 
consider that its results are approximately 
true when the motion is not steady* 

Then from these theoretical considerations 
and the facts obtained from experiments we can 
conclude the following results* 

When the layer is put in motion by the 
shearing action of the lower sand mass, the 
layer between AB and CD in the figure $ ex- 
pands (dilatahcy) * The nearer the sand mass 
lies to AB the more it e^qpands* 

Then the effective friction angle of sand 
near CD is larger than that for the neighbour- 
hood of AB, In this stage the moving portion 
is approximately confined by CD and AB. As the 
layer between AB and (3D expands the frictional 
angle in this layer may become more and 
more uniform and then breadth of the movlag 
layer of sand becomes thinner* 

At last the expazision reaches to Its 
maximum then this layer reduces to a very thin 
sheet, the sliding surface may be formed in 
this way. rrom these considerations we e3q>ect 
that the effective angle of friction of sand 
decreases from a larger value to a smaller 
constant, namely the angle of repose of the 
sand tested* 

The results of experiments verify this 
expectation as shown in the figure 6. 

In this figure the angle Q is calculated 



FIG.6 


by the following formula, 
tan 0= T/n 

- B/2H 

, where 

S t the shearing force applied, 

H : the vertical force generated. 

In case of some kind of sand, after de- 
creasing the azigle calculated as above from 
the date of e^eriments to a minimum then it 
increases a little* This phenomena may be in- 
terpreted as follows. 

In this case the Is^r becomes too loose 
when the state 6 > a minlaum is reached, then 
it must contract a little* 
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DEOIERMIKATIOH OF THE BEARING PQWFR Qg CLAY FOUMDATION 

TAKSO HOGAHI 
Tokyo Unlversltyf J^an 


RTTMMARY AND CX)MCLPS10gS . 

Aa&umdjag the clay soil as visco-elastic material, the author deduced the relation between 
the loading intensity and the amount of the sinking of the bearing plate on the soil. Using 
the data of the bearing tests due to Ur. Housel, the elastic and ^scous constants are plotted 
against the amount of the sinking of the plate. 

These curves explain the variations of the mechanical characteristics during the test, 
and these suggest the clear method of the determination of the bearing power of the clay foun- 
dation. 


The method of the determination of the 
A>earlng power of the clay foundation was in- 
vestigated fully by Ur. Housel in 1929 and in 
1933* His method is based on the fact idiieh he 
found, that the Intensities of the pressure on 
the bearing plate of various sise are related 
linearly with the periphery-area ratio, namely 
p - nx + n ( 1 ) 

idiere 

p: the Intensity of the pressure , 
x: the periphery-area ratio, the ratio of 
the periphery of the plate to the area 
of it« 

The above relation exists at every stage 
of the bearing test. The m and n vary with the 
amount of the sinking of the plate, and from 
these values Ur. Housel derived so-called phy- 
sical characteristic coefficient numbers Ki, 

Ha* 

These coefficients Kx, Ka are regarded to 
be related with the physical properties of soil 
under consideration, a^ by these facts the 
manner of variation of these numbere tells us 
the bearli^ power of the clay foundation. This 
is the opinion of Ur* Housel. 

But his and Ur. Willlamss theory about 
this is somewhat ambiguous, l.e. it contains 
some uncertain coefficients and the essential 
characteristic numbers of the soil are not in- 
cluded. 

The author intended to clarify this point; 
The soil under consideration is assumed to ha- 
ve the vlsco^elastic properties, namely ihe 
soil is characterlatod by the viscous and elas- 
tio coefficients by the following relation, 

stress « (a constant) x strain ^ ( a con- 
stant) X strain velocity. 
Assuming the surface of the ground is the 
plane s « 0, the positive direction of s-axis 
to tend to the interior of the ground, and tak- 
ing the cylindrical coordinates, the relations 
between stresses and strains nay be as follows. 


rr * -p + 2 K 


du 

^)r 


re= 0 


ee=-p+2k— j 
‘ r 


ez-o . YC?) 


zz = ~p+2k 




I where u, w are displacements to the direct- 
ions of the exiaes r and s end t is used to 
Indicate time, p Is the mean pressure, y 
are coefficients of elasticl^ and viscosity 
respectively. 

To denve shove relations the author 
f assumed the soil is inooipressible. This pro- 
perty is always verified ij the plastic flow 


of the metal, but in this case the condensa- 
tion of soil under the bearing plate is obvi- 
ously observed and then this assumption is 
only approximate* 

The constancy of the elastic- and viscous 
coeffloients are also approximate, the elastic 
constant varies with the oondeneation and the 
viscous coefficient also varies with the moist- 
ure content renariLably as Ur. Ishlmoto and Ur. 
lids have shown. 

Assuming above relatione to be true, the 
fundamental equations of the visco-elastic 
soil are as follows. 


u 

bw 

= 0 


6 r p 

bz 

1 bu 


hr 

l 6 r‘ 
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1 bw 

b*w „ b*w 
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bz \ 

t 6 r* 

r 6 r 

azV 6 t* 


then the loading velocity is small, right 
hand member of the last two equations may be 
neglected. 

The intensity of the vertical stress un- 
der the bearing plate is rather uniform, when 
the soil is clayey, then the confinement of 
soil under the beering plate at the periphery 
la coBplete the distribution of vertical press- 
ure is increasing to the periphery of Ihe plate 
but the soil is clayey the plastic flow of the 
soil at the boundary of the plate may lower 
the magnitude of this stress and the vertical 
stress under the plate may be considered to 
be uniform. 

Consequently, the distribution of the 
vertical pressure under the plate la assumed 
to be uniform and to be Increasing linearly 
with the time. The case ^en the plate holw 
its surface borlsontal constantly is treated 
analogously, and these results are referred 
later. 

Solving above fundamental equations under 
the boundary conditions, 
irtien s • 0, as - -(Po ^t), ^en r< a, 

^ « idien r a 

ra • 0 

we obtain 

(w).--f(p.-p.>--p,)f 


idiere 

^o* 
and 


idien a 


da (4) 


H ' H v< 

Jx denote Bessel's functions of aero 
1 order respectively. 

Under the^undaiy conditions, 

0, « 0 i^en r 7 a, 

w - Wo + wxt idien r< a 


we obtain 


ra 


0 , 
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r<a 


r>a 


(5) 


The coaditton that n • 0 iftiea » ■ 
cheeked hy the fact that 
oheariiig etreea over the aurface to ^ 
cal deforwEtlon of the eurfaoe of eoll does 

*S*the aboYe equation the nuaerlcal 
of the tera under the integral alp ie a func- 
tion of r/a, and eqa*l» ^ value hetwn 
oteW and 1 then in the following ^scwwedone 
we take it as 1* ?ron the equation (4), we get 

rh ii .4 


2L U i V 


( 6 ) 


in the present case, the peripherr-area ratio 
of the Maring plate ie 2/a and then we obtain 
the foroula 

P - Po ♦ Pl^ - “ 

, idiere m « |j(w)„, s • 0. n « jjRi) [7] 
This ie the same equation as Hr^Hoxiael's. 
Ihe approximate character of the aseumpt- 
lone above nentlonedy the re suite obtained are 
expected to be also approximate, but we intend 
to use these results to examine the characters 
of the clay foundation. Br the help of the 
equations 7), and using the data obtained by 
Mr* Housel, we get the viscous and elastic 
coefficients of soil durixig the bearing tests. 

She coefficient of viscocity thus obtain- 
ed are related to the sinking of the bearing 
plate as shown in the figures 2, 4. The 
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FIG. 2 
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coefflclexxt of elaoticltj ^00 Tories with tbe 
aaoont of o l id ci n s •« described la tbe figures 
5* 

!Ebese euxres show that tbe ooefflclttits 
by lAlob the asobanloal properties of soil 
under considerations are characterised vaxy 
during the bearing test. 


ffe assumed that these coefficients are 
constaatf then these facts are to be inter- 
preted as follows » l.e» t^ anrerage Tslues of 
these coefficients If these are constant from 
the beginning of the test to the instant un- 
der consideration^ rary with the amount of the 
sinking of the plate. ' 

Prom these euxres we conclude that the 
resistance of the soil by elastic properties 
is considerable idien the test was begun but 
shortly this resistance falls down ehen the 
slxSclng of the plate attained some ralue, say 
Ae and then it decreases slowly. 

Contrary to this, the resistance of soil 
by Tlscous properties increases steadily and 
attains its maTimun idien the sinking of the 
plate is* sayjAv . then the soil is not stiff 
the rlsoous resistance decreases when tbe 
sinking of the plate paseee At • 

The Btiffness of the soil la character- 
ised by the ralue of Ae and A^. The stlffer 


soil has larger At «Artnd At- A t 
Prom the abors considerations we map take the 
ralue of AtorAT-aa the crLtioal amount of 
aihking* as the case may be. 

If we compare these ralues with that ob^ 
tained by Mr. Housel from the consideration 
that the amount of sinking of the plats is 
critical when K2 attains its maximum* we con- 
clude that his Talus is approximately equal to 
our At • 

Pigore 5 ahows the results calculated from 
the data of the test perfoxmed by Hr. Housel 
lA 1953* for the foundation oonsistiu of two 
layers of soil. The currs shows that^s 
resistance of the lower layer is growing after 
the upper layer loses its power of resisting. 
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I. IHTBOPPCTIOH . 

The stability and conditions of incli- 
nation of natural and built Hxp slopes are in- 
fluenced in a definite manner by the condit- 
ions of flow of the water in the pores. Then 
we have to deal either with steady perco- 
latiz» flow or with the known unsteady hydro- 
dynamic tension ^enomena of the pore water. 
In close connection with this stand above all 
the slipping phenomena taking place in dif- 
ferent phases on hill-aides saturated with 
water. 

Pig. 1 Ulustiates dlagrammatlcally the 
two first phases of such a slipping pheno- 
menon. It has been assumed that a source of 
water on the slope at k has first of all 
caused a slipping of the steep slope between 
A en B on a shell-shaped alidding surface. 

The material fallen down causes a sudden 
loading on the adjoining zone of slope down- 
wards C - D* Under the action of this load 
a region of pore water subjected to compreas- 
Ive stressing starts in. loam soil which has a 
Tsxy small permeability, A seepage* directed 
towards the free slope C - B on the valley 
side, exists in parallel with the gradiial ex- 
panding of the pors water* and in the. neigh- 
bourhood of the slope may be regarded spprox- 
lestsly as parallel flow. The flow pressures 
thereby oecurrlBg causa a disturbance in the 
oqailibriua of the lower parts of the slops 


in the form of a fresh sliding as second 
^ase of a process idiich|by a repetition of 
such sliding phenomena, progresses downwards 
step by step and may attain foimldable pro- 
portions, depending on morphological e n d 
geological conditions. The sequence of slip- 
ends in the form of wave peaks* and sagging 
sones as wave troughs, gives that gre^y cut 
relief idiich is characteristic of hill-sides 
that are in danger of sliding and creeping. 

In contrast to the above case of a move- 
ment of pore water directed outwards and dis- 
turbing the equilibrium, is the case of an 
percolating flow directed Inwards, whiCh acts 
not as a disturbing factor* but as a stabil- 
ising factor on the equilibrium of the slope in 
question. If* for instance in an earth dam as 
sketched in Pig. 2* the percolation gradient 
along a stream line is increased by ^e damm- 
ing of the water* this causes an increased 
lift in the sons of the dam freshly shbmerged* 
and with this a relieving of the slope la con- 
neoted. 


vxvBOf ox une conaiuxons 

stability of a slope with seepage shows that 
the problem nay be regarded as purely static 
and without separation between solid and li- 
quid phases. In the first place the question 
of the bydraollc gradient 1 - - 

the 




Ic uredle nt i along a normal to 
le Slope comes into consider- 
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Slides and parallel flow. Seepage from the 
inside to the surface. 


I 



FIG. 2 


FIG,1 

at ion. As a case for coaparison we use the 
part of the slope under water through which 
there is no flow, ^ere normal hydrostatic 
conditions are to be found with vertically 
directed lifting forces. We construct the ratio 
between the limitiw inclination of the slope 
with pai^lel seepage and the slope with no 
seepage. If this qtiotient is greater than 1^ 
the seepage has a stabilising effect; if on 
the other hand it la leas than 1« the effect 
will be to disturb the equilibrium. 

Quite a similar problem has been solved 
by Bematzih by the introduction of the slope 
circle 1). A more general treatment of the 
static conditions of slopes with seepage has 
been effected by MeyernPeteri Favre & Holler 
2) and 3)* 

XI. OOHSIDgRAglOHS OF BgUlLlBHIUH . 

She slope of unlimited height, built 
with uniform material, is subjected to a pa- 
rallel flow in any desired direction. To be 
found is the* limiting inclination of the 
slope with seepage, in idilch xmstable equili- 
brium has been reached. 

The calculation below Is baaed on the 
following assung^tions: The angle of the 
apparent internal friction of the' material 
is taken as being identical with the angle 
of the natural slope of the loose sediment 
without seepage* Strictly speaking this as- 
sumption la only fulfilled in material with- 
out any cohesion for iriileh the an^es of ap- 
parent and of true internal friction are 
identical* But our theory may be applied with 
an approximation also to cohexwit loose sedi- 
ment, in so far as Its compacting corresponds 
in all points to the locally ohc^eaible con- 
ditions of tension* In this speolal came it 
is also possible to reckon with a constant 
angle of the apparent internal friction. 
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which is prabtlcally Identical with the angle 
of the slope* 

With regard to the pressure conditions 
in the pore water, tide only assun^tlon holding 
good is that the lines of imifom water press- 
ure (equl-pressure lines), which are not 1- 
dentlc&L with the }au))wn lines of uniform po- 
tential or piezometer conditions (equi-potent- 
al lines) must run n^allel to the surface of 
the slope * llhis conoition is only fulf ilTeS 
with parallel flows Trtien the surface of the 
slo^ is free* If the slope lies under water, 
as for instance in Fig, 2, the following theo- 
ry is not applicable* On the other hand the 
assun^tion made regarding the run of the lines 
of uniform water pressure with free surface of 
slope is as a rule fulfilled even in the case 
of bent parallel flow (Pig* 7a)* 

For solving the present problem we first 
of all consider the equilibrium of a prismatic 
element coinciding with the surface of the 
slope, the element consisting of solid and 
liquid phases and being completely saturated 
(Fig. 5). 

The base dF of the mentioned element dV 
forms a possible sliding surface running pa- 
rallel to the surface of the slope, and is at 
the same time a surface of uniform water press- 
ure. In the limiting case of equilibritim, the 
resulting tension p on the surface dF makes 
with the normals to the surface the angle , 
i.e. the following hold good; 




0) 


The following forces act on the element 
dV: Its own weight dG, the symmetrical lateral 
forces dB idiich mutually cancel each other, and 
the lift dP. From the partial forces dG and dP 
the tensions O' and T* acting on the surface 



dF can be calculated as follows; 

Weight ! dG • 

Irtft ; dP=d.p dF=— dV (^) 

cLij 

According to Pig. 2 the pressure gradlerfc 
^ is determined first of all for any desired 
angle cx<oi, 


lim 

dp 


sdu. coeoi4<lu 9in<x. tg i 
Ow 

dp 

— =(co9 Ok -i-ain ot tg t) ^ 
du 


(3) 


Substituting equatlon(’3) in equation (2) 
we have: 

dP-fcos«.+9ina tgl)^.dV ( 4 ) 

^ introducing this value of dP into the 
equilibrium conditions (2), the tensions -r 
aM <r are obtained, whose quotient in the 
limiting case according to equation (1) gives 
the limiting angle \iiiich was sought* 

<rdF=dG.co9ix-dP*^y^ co9(x-cos<x3^- 


sina tgl ^)dV 

rdr<cosoi(y^-y^)-slna tgL j;JdV (5) 
'Cd.F- sin a dV ( 6) 

^ = = (6a) 




V- 


fc’ctg fj+Zwtgi 


(7) 


The coefficient factor ^ serves as a 
measure for the influence of the seepage on 



Considerations of equlllbx^ium of a. prismatic 
element* 


Definition of the decisive hydraulic gradient 
tg i. 


FIG. 3 


FIG. 4 




title angle of Inclination ot tiie elope in the 
limiting position of eqnillbrluni 


l^tgltqf 


^ A»+a rw 


u.tqL t9<f^ 


Thtg equation shoes thatp with a gi'W 
naterial liich is characterised ^ its unit 
weight at saturation ( if*^) and its angle to 
the apparent internal friction % ,the 
linitSg angle «x of the slope with seepo^ 
depends solely bxS alone on the hydranlio 
gradient i along a nonaal to the slope. Anonga 
others the following special cases are of in- 
terest (Fig. * 

a) ®ie Uniting angle of the slope with see- 
page reaves a ri^t angle* i.e. 

oL^ and ^300 

a ^ , 

Conditions u= -V ; tqU- ctg<^ 

h) The limiting angleocti*, of the slope with 
seepage is equal to that of the slope wltti- 
out seepage* i.e. 

»um=.'r,: ^ 

Condition: u=-1 ; i=fj — 

In this case the 8loi)e has seepage verti- 
cally fron above. 

c) The flow is parallel to the surface of the 
slope. Consequently there cannot be any 

flow gra^ent at ri^t angles to the slope* 
i.e. i becomes * 0 and thereby^ «• 0. 

Equation ($) then passes over into the condi- 
tion derived at another place (4). 

d) With a gradual increasing of the hydraulic 
gradient i (Flg.4), the limiting angles 

become theoretically always anuller 
until finally the horisontal is reached («^iun 
• 0 for i ■ ot> )* This extraj^lation* how- 
ever* does not hold good whenever the gradient 
i is exceeded at which hydraulic rupture of 
the soil occurs. If the gradient i is Increas- 


xuptux?e idilch is decisive for staoiJLi^. 
Bqaation(8) then becomes of no ia^xtance. 

In order to find the position of transition 
from the region in idilch sliding conditions 
hold good to that of tbA usual soil rapture 
condition, we calculate the ras^active limit- 
ing angle by introducing as xirst approx- 
imation in eq[aation(8) the critical gradient 

for material without cohesion. 

** ¥w. 




idiere ^ ** means the . specific gravity under 
water* i.e. 

From equationClO) it alao follows: 

Since the dariying of the critical gradient 


for soli ruptuM is with reference to a flow 
directed vertically ffom below to above, whilst 
the noxnal to the slope in vhich the gradient 
1 is measured deviates from the vertical by 
tlia angle x j^* eq(uationa(10) andCll) hold 
good only approximately. 

In addition they can imly be adopted for moK 
tarial without cohesion* since we have taken 
the tensile streng^ of the material • 0 when 
deriving the critical gradient ijc. 


Seepage Seepage 

from the outside from the inside 


^ M'fhout seepage 



Seepage fron 
the outside 


to -0,5 0 0,5 

+ u — 


Ft Ok/ paratfel 
surface of the 


to the 

' stope 


Ratio ^ of the natural stability of the slope 
with and without seepage in function of the 
decisive hydraulic gradient tg 1- 


in Fig. 5 the coefficient factors X 
are represented as parameter as a function of 
the gradient i for different unit wei^ts • 
n4iia grot^ of curves shows that seepage from 
within requires a considerable reduction of 
the limiting* angle with respect to the 

angle <9^ of the naturu slope. As transition 
between seepage f rcm within to percolation 
from the outside* the case u ■ 0 or 1 » 0 
appears* for ahich the flow is directed pa- 
rallel to the surface of the slope. From ‘the 
point a * 0 the X curves lie steeply to the 
common point ^ intersection C* idilch is given 
by the ordinate ^ « 1 axid the abaelssa u « -1. 
In this case the seepage - which takes place 
here from the outside - has no influenca on 
the stability on the slope ( Xum^fs)- 
After closer consideration it xb found that 
we are dealing here with a percolation of the 
material in the vertloal direction from above 
to below. To the left of C the curves ap- 
proach their correapondlng vertical asymptotes 
in a steep rise* the position of the aayi^p* 
totes beimg given by the abscissa sections 
u* 





Althoia^ ta this case the ▼elooittaa of flow 


axe pii^tleallj “Of 
nswertheless aubjaoted 


a ever un ejiesa auojootowu to tmf awourwle copdl^— ^ 
ona of Btaibillty tor the material ttiroiigh which 
the flow occurs, since It dust ^pojda jn t^ 
run of the equi-pressure lines lAlch, like the 
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riow and horizontal ground-water level ■ 'Ihe 
fact IS xBiportant that the eijux— pressure liiXB 
in this case run horizontally, so that the 
lilting forces, which are also effective in 
the closed capillary region, remain vertical, 
fhe equilibrium of such a slope may therefore 
be investigated in uhe usual manner with bent 
sliding surfaces, 'fhe weights of the solid ad 
liquid phases may then be inserted in the cal- 
culation either separately, by introducing 
the capillary forces as an external loading; 
or such a separation is not adopted, the unit 
weight yv of the saturated material above 
water being introduced into the calculation, 
a proceeding which is much simpler. If the 
water evaporates on the surface of the slope, , 
a certain percolating movement directed up- 
wards taices place in consequence of the capil- 
lary rise above the groundwater level# Wo 
change is thereby made in the external static 
conditions of the slope, since the frictional 
forces that occur neutralise each other mutu- 
ally as action and reaction in the interior of 
the static system. Ab polar opposite of the 
capillary rise of the water, the case of ver- 
tical parallel flow from above to below is 
illustrated in Pig. 7c ; this may occur for 
instance with rain of with the melting of snow. 
‘Ihe vertical percolation of the slope is here 
characterised by the pressure of the pore wa- 
ter at all points, and therefore also along a 
normal to the slope, being everyw^re equal to 
atmospheric pressure, i#e. 1 and 

l!hi s case thus correspond to the point 
of intersection G in Pig. for which, in ac- 
cordance with what has been said already, the 
limiting angle becomes identical with 
fhe above comparisons show that in gene- 
ral the slight flooding of the surface of the 
slope has an tuofavoureble influence on its 
stability. Account most be taicen of this fact 
especially when slopes are being drained. Cer- 
tainly, even if there is no flooding, seepage 
flow directed down the slope may occur within 
Che closed capillary region, and this has an 
adverse effect on the equilibrium, but it will 
take place as a rule with a veiy small gradient 
i« On the other hand, it may frequently be ob- 
served that the evaporating surface withdraws 
into the interior of the slope and am evapora- 
ting crust is formed through di^Dg,and this 
acts as a stabiliser. Also the latest attempts 
to improve the stability of slopes with see- 
page by adopting electro-osmotic methods 7) 
should be noted in this connection. 

If it is desired to investigate the con- 
ditions of equilibrium of a slope with an arigift 
of Inclination oc and parallel seepage, this 
slope being in a stable condition", two differ- 
ent methods may be adopted with a given gra- 
dient i; Either the limiting inclination tqccLi,,, 
is calculated according to equation(7) and the 
degree of safety N is found in the form: 

rtlx 

tqot ' ' 

or the angle s is calculated, vhloh is includ- 
ed by the parallel directed resultants pdP of 
own weight and lift with the verticals (cf# 

Pig# ^ • Tbla angle 6 therefore gives partic- 
ularly valuable conclusions, since the influ- 
ence of the parallel flow on the equilibrium 
of the slope may be regarded as a field of 


gravity rotated about the angle and somewhat 
reduced in intensity. The criterion for the 
equilibrium of the slope is then: 


cLSif^-S ( 15 ) 


Ccf. ns. 13) 


The angle 6 is easily calculated from 
equation (6') by substituting the sum of the 
angles x+d for if ; then we obtain: 


tg^ 


u 



*1 -t-tgl tg oc. 

tS'tgo.+’^'ctqa-tgi 


( 14 ) 


Prom this equation the rapid increase of 6 
with Increasing gradient i can be clearly 
seen. 

Pinally it should once again be pointed 
out that the above theory, derived in the 
first place for coheslonless material, is 
only applicable to a coherent material if the 
cohesion increases from 0 at the surface of 
the slope proportionally to the depth, so 
that the a-line of the shear diagram remains 
valid at all points of the slope, correspond- 
ing to a constant angle of the apparent 
internal friction. Such cohesion conditions 
may for instance arise with the compacting of 
fresh sediment under its own weight, also the 
modulus of plasticity then increasing in pro- 
portion to the depth 3) and 6). If on the 
other hand a loose sediment of another kind 
of cohesion conditions - for instance with 
constant cohesion - as considered tAie stabil- 
ity of the slope with seepage may be examined 
only with the help of known methods by adopt- 
ing bent sliding surfaces. 
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IJMITATIOW OF THS VALIDITY OF APPLICATXOH 0? THB FOBkllLAS 
wont PBADTO-BtflSMAW ASP PBOM i^DKHRKM ffOB THR m.TTiiA1»K 
BBARIHG CAPACITY OP THE SOIL UHDBBNSATH FOOTIHGS, 

E.D£ BE£B and M. WALLAXS -Ghent (fielgiuB) 


The toraola of Prandtl gives the value of 
the ultiBftte hearing C 8 |>acit 7 of an incompress- 
ihle aaterlal with a cohesion c and an 
of friction ^ , not subjected to gravitj and 
loaded at its surface* fhe surface of failure 
has the shape of a logarithmic spiral situated 
between two atrai^t lines (fig. 1). Bulsaan 



FIG.1 


depth h underneath the surface of the soil| 
the phreatic level being located at the sur- 
face of soil or at a great depth underneath 
the foundation level, one gets 
Pb- 

thus 

dg . v^yh + c ♦ T g y !> W 

The formula (6) is the expression of the 



first completed the formula of Prandtl for the 
case of an uniform overload p^ on the surface 
of the material beside the loaded area. The 
existence of such an overload doesn*t alter 
the shape of the surface of failure. 

Going further, and with the purpose to 
take into account the own wei^t y of the mate- 
rial, Buisman assumed that, even if the mate- 
rial is subjected to gravity, the shape of the 
surface of failure is not altered; thus It 
becomes easy to find an expression for the 
part of the ultimate bearing capacity produced 
by the own wei^t of the soil located above 
the surface of failure. 

With the assumption that the most dangear- 
ous surface of sliding is a logarithmic spiral 
with two straight extensions, Frandtl-Buisman 
found for the ultimate bearing capacity dg the 
following expression: 

dq-Vkpb+VcC^^Vg-yb (1^ 

where ^ ' 2 

dg * the ultimate bearing capacity (t/m ) 


’b» 


pw « the overloadLexisting beside the 
footing (t/mr) o 
c ■ the cohesion (t/m ) 

that part of the volume-wei^t of 
■^e soil, which is to be taken into 
^ account for the computation of the 
effective stresses, 
b - the width of the footing. 

and « three functions of the angle 
® ® of friction ^ 

( 2 ) 




2co5» 

I -sin 4 

For Vg the following analytical eiqpress- 
ion was foi^ by Prof. Haea: 




When tdie foundation la esteblished at a 


ultimate bearing capacity for the case of fig. 
2* The only arbitrary aasumptlons are that the 
material is incompressible and that the moat 
dangerous surface of sliding is a logarithmic 
spiral with 2 straight extensions. 

On the other hand prof. Andersen of the 
University of liinnesota estahllahed an ana- 
lytical expression for the ultimate bearing 
capacity of a material c, ^ , y , underneath a 
footing with a breadth b established at a 
depth h, starting from the arbitrary assump- 
tion that the most dangerous surface of slid- 
ing Is composed by two circles with radius r 
and r > h Uig. 3). 



The radius r of the most dangerous circu- 
lar surface, and the value of the ultimate 
bearing capacity corresponding bo circular sur- 
faces d*g, are given by the following system 

of equations: 

2P" 



^[r>(2t9^-l)*(r*h)'(2tgH)]- 

*7cj^r*+frth)*j = bdg j^r^2-ilg4j-bj 


The formulas of Prandtl-Buisman, as well 
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as those of Andersen are based on an arbitraiy 
assuAption; naaely the shape of the oost da n g ei >» 
ous surfaces of sliding.* Thus it is necessary 
to compare in each particular case the Talues 
obtained by the 2 methods. Indeed, in this lAy 
can be found jrether of the two values d^ 

Is the smaller foT the given case, and thus 
has to be retained. 

Here is considered the case of a material 
without cohesion, c« 0, and for this case the 
limits of the zones of applicability of the 
formulas of Bulsman and Andersen are determin- 
ed. 

Sliminatlng r between the equations (7) 
and (8) for c - 0, an equation of the follow- 
ing ah^e is obtained: 





+ mtbh“mj 


•yh** 

d'^b 






idiere ^ 


(9) 


®1- “2 


6 functions of the 
angle ^ • 

Instead of considering the ultimate bear- 
ing capacity for the unit of area d'^i the 

computations become in this case more simple, 
when the ultimate bearing capacity per unit of 
length D*g la Introduced. 

( 10 ) 

Thus (9) becomes 

b*- m, X bh*4mjbh-m3 Xh"*4-m^hVms:X 


Bg 





(11) 


Then the width b is taken as an abscissa, and 
the depth h as an ordinate, It is found that 
by varying parameter Bg/ Y . the curves repre - 
seated by i^e equation (11 ) are in the first 
quadrant (b> 0, h^^O) nearly straig^ parallel 
lines goii^ though the, points 



FIG. 4 


ho*0 bo*'Vm6^|^(seefig-^) (iz) 

For different values of the angle 4 the 
values of mg andVmg are given in the table I, 
The values of Vmg are also given in the dia- 
gram of fig. 6. 

The relation (12) gives the possibility to 
draw next the scale of b, a scale of the para- 


TARt.E T 


f 

5° 

10° 

15° 

20 ° 

25 ° 

50 ° 

55 ° 

40° 

“6 

4,10506 

1,61166 

0,816*1 

0,44473 

0,24262 

0,12568 

0,05786 

0,020997 


2.0256 

1,2695 

0,9056 

0,6669 

0,4926 

0,3545 

0,2406 

0,1449 


0,2*572 

0,62048 

1,22487 

2,24855 

4,12167 

7.95671 

17,28310 

47,62585 


0,2*76 

0,7235 

1,641 

3,452 


15,190 

33,868 

81,748 


0,*98 

0,8505 

1,281 

1,858 


3,897 

5,82 

9,0414 


1,568 

2,302 

3.939 

6,596 

10,654 

16,38* 

35,258 

64,109 

“l 

-0,000974 

-0,0867 

-0,91485 

-6,3777 * 

-57,8599 

- 209,75739 

- 1100,70379 

-4787, 93U 

“a 

0,35998 

0,96469 

-0,8645 

-17,12899 

-110,48116 

-570,19586 

- 2599,2943 

- 9232,43796 

“5 

4,82986 

10,8424 

18,89922 

29.26405 

6,99743 

-195,4788 

-1086,29635 

- 2999.91759 


22,09533 

32,91564 

57,77811 

124,62738 

256,4690 

542,50587 

1205,81212 

+3056 , 75091 

“5 

44,9478 

35.7021 

51,50323 

99*18038 

188,61499 

379,14743 

781,81827 

1568,17301 

“6 

36,2148 

12,59132 

7,90396 

4,66799 

1,3051 

-5,60623 

-11,73941 

- 25,17112 

“7 

5,41013 

0,68499 

0.19658 

0,04634 

0,00217 

0,00926 

0,05234 

0,13016 

tgt 

0,16 

0.517 

0,472 

0,633 

0,79 

0,96 

1.231 

1,748 


0,003 

0,053 

0,185 

0,404 

0,695 

J 

1,025 

1,453 

1,82 















65 



FIG. 5 

meter Dg/y , so that the value of I'g/y cor- 
respondxD^ to an arbitrary line of the net can 
Instantaneously be found* On the other hand, 
putting Dg « b dg (15)» the e<luation (6) gives: 

|i:=Vkbh-Vgb* 

For each value of hj/v , the equation (14) re- 
presents an hyperbola, with the asymptotes b * 
0 and b ■ - h tsee fig. 5)* *Hie hyperbolas cut 
the axis of the b's at the points 

With the relation (15) it is possible to 
draw, next to the scale of the b*8, a scale of 
the parameter I5a/y ; thus the value of Da/V 
corresponding to a given hyperbola ^ the net, 
can be found. Phe values of F* andVv^ are 
given in the table 1. ^ 

Let us now determine the locus of the 
points (b,h), for ^ich the formulas of Ander- 
sen (11) and of Buisman (14) give the same 
value of the ultimate bearing capacity Dg- D'g* 

Sllminatlng D. - B* between the equations 
(11) and (14) one ® gets®: 

n,b‘ + nib*h-*'njb''b‘+ni,bV*r)yb*h''^n6bh*>n7h‘=0 

where n|,no*«« seven functions 

^ ^ ' ot the angle ^ . 


The equation (16) is homogeneous and of the 6th 
degree* It can be comomposed in the equation of 
real or Imaginary straight lines going throu^ 
the origin (b - 0 h • 0)* In the first quad* 
rant there is but one real straight line* The 
equation (16) caa be written: 

b * (t) * 0 ('7) 



FIG. 6 


ruts values oi i^ne coeiiicienns 
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are given in function of in the table I .The 
equation (17) has been solved by trying; in 
this way the values h/b given in the table I 
were found* 

Finally in a diagram b,h, the zones of 
applicability of the formulas of Andersen and 
of Buisman are separated by a straight line 
going through the origin. For small foundation 
depths h, combined with large footing widths 
b, the formula of Andersen gives smaller values 
and theafefor is determining; on the contrary 
for high values of the ratios h/b the formula 
of Prandtl-Buisman must be retained* 

The critical values of the ratio h/b are 
given in the table X, and also In “^e 
of fig. 6. These critical values IncreeisiDg 
with the angle $ , it means that the range of 
applicability of the formula of Buisman be- 
comes narrower when the value of the angle ^ 
is increasing. With the data of the table I 
It will be possible to verify rapidly in each 
real case in what zqne it is located and udiat 
formula has be applied* 

For practical purposes it is sufficiently 
to as simulate the curves of Andersen 
^0 stral^t lines. These strai^t 
llnerf ara4etermiaed by the point ( bn « 0 
bo-Vm 4 >J^ ) and by their angle e (fig. 4), 
The value ^f the an^e t can easily be found 
from the consideration that the cursce of Ander- 
sen cuts th 9 strai^t line • ^^^^'crit ^ 

the point b^h^ where D -D« * This point is de- 
fined by as 


1 


If, 
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liiSaBHiiBHBBfgnagiBil 

IBeSigBlBIl gBgjEgS ;^ 


Fig. 4 gives tg t ■ 


The equations (12) (19) (? 0 ) and (21) give* 


The values of tg £ are given in function of ^ 
in the table I and in the fig. 6. 

For the cases ^ • 20®, 25® and 30®, the 
fig. 7, 3 and 9 give the atrai^t laws of 
Andersen HUy - and the hyperbolas of Buis 
man DJy * c ^ , and also the strai^t separa^ 
tion between the respective sones of applicab- 


..m 

iSg^sasga^Si BiBW i 

imnBaMaKMBigiSMSgB 

snsisppmn 

wsMsim^m 


mW 

I III 


iiiHiiBeiJRmsrl, 

■gwfiMMiiamsi 


f =25’ 


iBBiiBiBilBRliiiiil 


mwMS^mKiiimmr^MmKmnsamul 

iHBrissmnmmHsiniBSimB^Hz 

IlIBBMBKBBB^iRBRBRBBBSSB 

wnwMmmmmuMWimmmmKtimm 
, jrilJBnBBBHRBBRRBe^SBmB 
! IKiiriRBHRRaHBBHrjBnRE^r- 
' llliriBaflBnBBrjBRRBBBBL.. 
lllBlRHBRBBBRBHHnRBRRRl 
iiiRHKBBRBR::::: 
IlIRBIJHBnRaRH 
llinBrfiHHBHKBH 
lll■!alRRBBrlBfi 
lIlllBSBiJggBBri 
llllfiRBBIjiiRRl 


f =20* 


„ 

maimawstamamMmmmmmmt 

immMmtaimnnvmmmmummi 

I ImiwimmBMmifi mmmmmmmm l 

mmnivtmmiMm 


f =30’ 


The use of the fig. 7, 8 and 9 is direct, 
and doesn't need any other explanation. 

It is worthwhile to note that the strai^t 
lines B'g/y " intersect the hyperbolaab^/y^c* 
under a certain angle; this would correepond 
to an abrupt chanm in the law of variation of 
the ultiaate bearlhg capacity. 

As this capacity is a physical phenoaena such 
an abrupt change is excluded, mua the indicat- 
ed combination of the formulas of Andersen and 
Buisaan is itself but an approxiaation of the 
problem. 

The circular shape adopted by Andersen for 
the surface of failure is only strictly valid 
for, very small values of h/b; on the other hand 
the surface of rupture consisting of a logarith- 


HQ^.9 

mic spiral with two strale^t extensions, la 
only valid for very hi^ values of h/b; for 
values of h/b approaching the critical value, 
the surfaces of failure must have a more com- 
plicated shape, intermediate between that of 
circular surfaces sjod that of the spiral sur- 
faces; the shape of the surface changing grad- 
ually, there will be a smooth ;)unction between 
-the two laws IVy- c^ and D»/v - c^ in the 
neighbourhood or the critical line. This junc- 
tion is necessarely located beyond the point 
i (fig. 10), and will have the shape of the 
dotted line. In the zieic^bourhood of the crit- 
ical line the formulas of Anderaen and of 
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FIG.11 

Buiaman both will give too small values; thus 
it is indicated to take this into account by 
the choice of the factors of safety* 

BiaiAPyg. 

1) Instead of considering the ultimate bearing 
capacities per linear meter and D*g(t^X 

the ultimate bearing;, capacities per unit of 
area and d*g (t/nr) can also be' used* 

Then the equation (9) is maintained^ but 
this equation doesn't represent strai^t lines, 
but more complicated curves. 


The equation (6) becomes d^^Vbyh^Vy^b (2S) 

In the diagram b,h the equation (23) re- 
presents a net of parallel straight lines* 

The elimination of the parameters dg/y - 
^d^y between the equations (9) and (23), gives 
again the ^equation of a straight line* 


represented by a straight line, what Is easier 
when the problems to solve are frequently locat- 
ed in the range of applicability of this formu- 
la. For this reason the fig* 11, 12 and 13 re- 
present the diagrams h in function of b for the 
parameters d 3 r/‘y * Apart from that these diagrams 
are Indentical to those of the fig* 7^ 8 and 9* 
2) then the value of h/b becomes very large, 
then the problem is no longer one concerning 
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a direct fundatlon, tut one of a deep fundation 
(piles, fundation-pits). ?or these latter prob- 
lens neither of the considered formulas is 


applicable, but direct information can be ob- 
tained from the results of deep penetration 
tests in situ. 


— 0 — 0 — 0 — 0 — 0 — 0 — 


iMPBDVEiflBiT OF gffi MBTBOD Cg CALCDLATIQH QP THg 
BaUILIBRUlM ALOHG SLIDIBG ClfiCUS, 

H. Baedscbelders - Ghent ( Belgium ). 


Iiri!BODUCTIOH > 

In controling the equilibrium of slopes, 
one has to consider two possible failures* The 
first is in relation to a failure of the base 
and can be examined by the theory of tixe bear- 
ing capacity of the soil* The second, called 
slope failure, ulll occur ehen the shearing 
resistance of the earth along a certain sur- 
face is not large enou|^ to make an equilib- 
rium with the own weight of the slope and the 
waterpresBure acting upon it* 

We will consider the possibility of a 
slope failure in case of a well-defined toe- 
circle and we will poropose a method for the 
determination of the factor of safety of that 
given slope in case of an homogeneous soil 
mass* 

The aheazdng resistance of the earth is 
determined by the equation 

T « c+<rtg^ • 

Often the control of equilibrium along 
sliding circles is limited to the Terlficatlon 
of the equation of the moments about the can- . 
tre of rotation* The method becomes very ^mp- 
le in ease of an angle of internal friction 
^ 2 0* Then we have the equation (fig* 1) 

W* 1^ * c *1 sR* 

w 0 O 

idieret 

W a weight of the body of ear^ in tons 

? »r unit of length of the slope* 
ever arm of the weight W with refer- 
ence to the centre 0 of the toe 
circle in meter* 



FIG.1 


= cohesion in t/m^ required to hare an 
equilibrium* 

Iq a length of the sliding surface in me- 
ter* 

R a radius of the sliding circle in meter 
On the fig. 1 are also shown the quantities 
Q and S. 

Q X resultant of the normal effective 
stresses (in tons) 

X a resultant of the waterpressures on 
the sliding circle* 

The dotted line ADD* represents the hy- 
drostatic pressurellne above the sliding 
circle. 

The factor of safety can then be found by 
the comparison of the required cohesion with 
the existing cohesion ce of the soil. The 
latter has to be determined by means of labo- 
ratoxT-tests on undisterbed samples* 

The factor of safety can be written : 



The control of the equilibrium of rota- 
tion le insufficient, because each state of 
equilibrium is controled by three conditions; 
the equilibrium of translation along two 
mutual perpendicular directions (for instance 
a vertical and an horizontal direction) and 
the equilibrium of rotation. 

In the different methods of controling 
the stability of slopes, one or two of the 3 
conditions of equiliWium are often overlooked 
For inst^ce in the method consisting of 
catting the sliding mass into slices by means 
of pseudo-sliding surface, often only the 
polygone of forces is drawn, thus taking only 
into account the conditions of trensla^on*To 
take notice of the condition of rotation, it 
le necessary to draw also the pressure line, 
thus taking li^o account the value, the direc- 
tion and the ^int of application of all for- 
ces involved* Fig* 2 shows an example of this 
method. 

The control by means of slices, even when 
complete, still presents a few Inaccuracies : 

1) one admits that the effective soil reac- 
tions on the pseudo-sliding surfaces 

between the different slices are parallel to 
the tangent on the sliding circle and that 
the points of application of these forces are 
located in the middle third of the height* 

Tfana the point of application is not exactly 
known and a more or less . arbitrary assumption 
can be made on its account* 

2) The reaction Q la assumed to be a tangent 
of the R Binf circle* Thia la only true 

for an elementtt^T port of tha surface but not 
for a cttptaln length t thia inaccuracy can be 
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neglected when a sufficient number of slices 
is considered* 

The method takes much more time than the 
control of the moments* 

4) The factor of safety s has to be taken on 
the two elements of the shearing resistance 
Xm For each considered sliding circle one has 
to repeat the total calcixlations and drawings 
for several values of s and this with new va- 
lues of C and(p given by the relations c' ■ — 


and if s arc.tg 


One has to make at least two or three 
trials for each surface. 


THEORY OF THE SBW METHOD * 

In case of an homogeneous soil mass we 
will suggest a more rapid methodi nevertheless 
taking into account the three conditions of 
equilibrium. 

The simplified method consists in the 
consideration of only one slice* 

The advantage of the method lies in the 
rapidity of the examination of the equilibrium 
along a sliding circle without neglecting some 
important points on theoretical view* 

On the same time there are no longer 
difficulties with the reactions between the 
different slices, because they are no longer 
to be considered* 

On the other hand the resultant of all 
the reactions Q is no Idnger a tangeint of the 
R sinu -circle, but it can be proved that the 
error is on the side of safety. 

We will now consider all the forces act- 
sliding mass of earth : 

1} The weight of the earth located above the 
arc is W tons per unit of length of the 
slope* This force Is acting along a vertical 
line through the centre of gravity of the 
area of the slice. 


2} The resultant of the cohesive forces can 
no longer be ap]^aehed by maltiplylng the 
cohesion per unit of length of the sliding 
surface by the length of the sivf ace of the 
sliding circle* In case of a constant cohesion 
on the ^ole surface of sliding, the fig* ^ 



shows that the resultant can be determined by 
the equation 

C s Cq • chord AB* 


The direction is that of the chord AB axid the 
point of application can easely be found by 
the method of moments about the centre 0* By 
that way we find : 


OP = R 


arc AB 


ch or d a!^ 


For the method of slices this correction 
had not to be made because for each slice of a 
limited length the 

factor nearly equal to 1* 

3) ^e waterxKressure E can be confuted by means 
of a flow net, irtiich values make it possible 

to determine the wate^resswre in each point of 
the .sliding surface* This is an exact me'&od 
for a permeable soil-mass* For cuts in a clay 
stratum it is safe to consider in each point 
of the slidizig surface an hydrostatic water- 
pressure corresponding to the sxirface of the 
slope and the free water-table existing before 
the cut was digged, the adaptation of the 
groundwater to the new situation being very 
slow. 

All these elementary forces are directed 
to the center* of the sliding circle* £ can be 
found graphically by composing all the element- 
ary forces* By this, way we know the resultant 
in value and direction. The point of applica- 
tion follows from the fact that £ has to go 
throxigh the centre of the circle* 

4) The resultant Q can be found by means of 
the polygone of forces which must be clos- 
ed with it« 

Since the factor of safety will be ap- 
plied on the two elements of -i^e shearing 
resistance, one has to do a little "trial and 
error" work to find that factor. But now -Uie 
trials are very quick and without any serious 
calculation* 

means of comparison it will be poss- 
ible to estimate the importance of the error 
introduced by the fact that the resultant Q 
is not exactly to the R. sin (f -circle* 
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PRACTICAL APPLICATIOW OF THB HBW MBTHQP # 

1) Coaptation of the weight W of the alidlng 
earth oass* Since we consider a elope with 
a width of 1 neter, we iBust only deterwine ^e 
slice in n? end nultiplicate it with the unit 
weight 2r • In all cases the considered surface 
of the slice can be represented by a sun of a 
circle-segment and one or atore trian^es with 
a positive or negative value (fig* The 




formula for the surface of the segment, with 
the angle ct and a radius H, being 


Ss 




since 
2 — 


and 


or 


Ab5 


The resulting force W is the algebraic 
sum of the coipnents* Its direction la vert- 
ical and its points of application is easily 
found by grajdkieal Integration, as Indicated 
on fig, 4# 


2} Computation of the resiiltant of the cohe- 
sive forces C (flg,4). We saw already that 
this resxiltant C is given by the equation 


C x Co • chord AB 


Its direction is parallel to the chord 
and the point of ajipllcation F is given by the 

formula _ 

n arc* AB 


3) The general method to find the resultant 
of the waterpreasures on the sliding sur- 
face has already been outlined in the theory* 
This general method is a graphical one and Is 
illustrated by the example of fig. 4b. 

In some cases an algebraic method can be more 
rapid* When a diagram of the waterpressuces 
is made by drawlzig the pressure In each point 
of the sliding surface upwards on the vertic- 
al throu^ that point, it oftm happens that 
the so obtained diagram of waterpreasures 
consists on one or more straight lines* For 
instance in fig, 5 it is assumed that in a 
few pervious layers the original water level DD* 
Is not altered and that in each poixxt the wa- 
terpressure is given by the vertical distance 



of the considered point to the soil surface* 

In that case the diagram of waterpressures 
consists in the two stralE^t lines AC and CD** 
Considering the vertical tbrou^ the centre 0 
of the sliding surface, we define on this 
vertical the points of intersection and I12 
with the two strai^t lines CC* and AD of 
the waterpressure diagram. Tlw lengths bi =01n, 
^2 * angles /%,^as indicated 

on fig. 5 are considered. The factor tg 1 la 
often known or can be measured, 1 being the 
ajigle of the considered straight line of the 
waterpressure diagram with the horizon. In 
case of fig. 5» tg ii =0 and tg i2 *2/3 aO,666 
The vertical ana horizontal camponenbs V 
Tend H of the resultant of the waterpressure £ 
are then given by the formulas; 


H = y |bR [sin ^2 “ si" + * [cos 2 -cos 2 H 


'=!(-«[< 




sin 2 sin 




10 






sin 2^-sin2A|‘ 


+ H-i3Li[cos 2 Jia-cos 2 (2) 

The two components H and V with their 
value and direction give, hj composing, the 
resultant of the waterpressures on the sliding 



FIG. 6 
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surface also in raluss and direction* The point 
of application follows fron the fact that this 
restutant has to go through the centre 0 of the 
sliding surface. 

4) Vow we nafce a graphical composition of all 
the prawions detemined forces : 

We draw first W known in TaluSt direction and 
point of application as indicated under !)• Ve 



compute the value t direction and point of ap- 
plication of S as explained under 3)* We Imow 
the direction of C, and also its point of ap- 
plication! because these two quantities are 
independent of the unknown required cohesion 


On the other band composing the two known 
forces W E,. as done in fig., 7b we get the 
force R • The working line of R goes throuj^ 
the point of intersection H (fig* 7) cf the 
forces W and B. This line cuts the working 
line C in the point L. The imknown force Q 
must go through this point L* Farther this 
same force is assumed to be tangent to the 
circle R siny' 

Now we adopt an arbitrary value for the 
safety coe^icient Si and obtain then easily 

ce 


Prom that, one gets C » c- . chord AB, 
which is put on the line HN* of fig* 7b. Now 
ve try to close the polygone with a direction 
of Q given by a tangent on the circle R ^ny 
through the point C (fig. 7)1 the angle y being 
given by the equation 

aro.tg[' 


Slnu^ can be found immediately by the graj^a 
of fig. 6. Generally the diagram of fig. 7b 
will not close, because the value of s has 
l^en arbitrarely adopted. But with a few try- 



Example of proposed method 


Cofnpufeifion5 
W, i£ » 0.3 . o,SS 


7^f 



Example of method of slices 


FIG.Sa 


FIG. 8 b 
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OHO finds rapidly the vaXne of s closlzig 
the diagram and thus corresponding to the real 
margin of safety. 


EXAMHB . 

Figures 8 a and b gire an example of all 
the computations and drawings necessary for 


the determination of the factor of safety for 
a determined aliding^irele* We find s s OyS* 
The same examination has be done with the 
method of sliceSy also giving s ss 0|8« 

The method of slices ashed 2 hours « for 
one trial. The coB^lete determination by three 
trials asked 5 hours. 

The proposed method gives the real value 
of the coefficient of safety within li hour. 


THB flf « 0 AKALYSIS OF STABIUTY 
AHD ITS THEORETICAL BASIS, 

A. W. Skempton H.So.y A.M.I.C.E.y F.G.S. 

University Header in Soil Uechanics and 
Assistant Professor at Imperial College » 
University of London. 


I. IHTBODUOTIOH . 

It is known that saturated clays when 
tested under conditions of no water content 
change behave » with respect to the applied 
stresses at failure, as purely cohesive ma- 
terials with an angle of shearing resistance 
0 equal to zero. This experimental observa- 
tion is the basis for a method of stability 
analysis which Is now becoming widely used 
and which is known as the 0 « 0 analysis of 
stability. 

Experience is showing that the analysis 
is reliable in practice; leading to correct 
estimates of bearing capacity of clay soils 
and of earth pressure, and giving satisfact- 
ory results for the factor of safety of clay 
slopes. Yet there are Important limitations 
to the range of application of the 0 » 0 ana- 
lysis and to the soils in which it can be ap- 
plied. These limitations must be fully appre- 
ciated in the application of the method to 
practical problems. 


II. BXPKRIMMTAL EVIDENCE OF 0 « 0 . 

In 1915 Langtry Bell carried out a series 
of shear box tests on various cohesive soils 
in idiich a restricted opportunity for water 
content change under the normal pressure was 
allowed. These tests showed that, at least 
for the softer clays, the angle of shearing 
resistance 0 was small. 

Bell also presented equations for active 
and passive earth pressure in cohesive soils 
and for their bearing capacity. He did not, 
however, conclude that 0 should be taken as 
zero for clay soils in the analysed of these 
problems. 

So far as the author is aware this as- 
sumption was first made explicitly by Felle- 
nlus in 1922 in connection with the stability 
of clay slopes, idien he put forward the equa- 
tion shown in Fig* 9 (a). Later, in 1927 • 
Fellenius dealt ^th the problem more fully 
and, In particular, he derived the -coxmept 
of the stability number c/yH which of great 
significance in earth pressure and slope sta- 
bility in clays. 

But at this time little was known of the 


shear properties of clays and there was in- 
sufficient evidence for the acceptance of an 
analysis based on the 0 > 0 assumption. The 
problem was, in fact, not placed on a firm ex- 
perimental basis until 1932 when Terzaghl pu- 
blished the tests results shown. in Fig. 1. 
These demonstrated that when a saturated clay 
is tested in the triaxial apparatus, u^er 
conditions of no water content change (the so- 
called "immediate" of "quick" triaxial test), 
the angle of shearing resistance is zero; al- 
though the angle of shearing resistance ob- 
tained in a test where the clay is allowed to 
consolidate under the applied stress is very 
considerably greater than zero. 

Subsequent work has confirmed this re- 
sult (see, for example, Jurgenson 1934a, Solder 
and Skempton 1948), and it follows that in 
saturated clays, tested under conditions of 
no water content change, the criterion of 
failure may be expressed in the form 

^ 1 ** ^3 " 

where O' and cr^ are the major and minor ap- 
plied principal stresses at failure and c is 
the "cohesion" or shear strength of the clay 
at the particulair water content of the test. 

An analysis of stability can therefore 
be based upon equation (I) and will lead to 
correct results with respect to the applied 
stresses at failure, provided the basic con- 
ditions implicit in this equation are complied 
with. 

It should be noted that (or, - or,) is the 
compression strength of the clay and^there- 
fore c - 4- compression strength (2) 

This result provides s ready means of deter- 
mining the cohesion of a clay sample, since 
the compression strength can easily be mea- 
sured. 

Ill* TOB 0 , n AHALYSIS OF STABILTTy . 

Based upon equation (1) the 0-0 ana- 
lysis has been developed for the calculation 
of active and passive pressure and bearl^ 
capacity of clays and the calculation of fac- 
tors of safety in clay slopes. The methods ace 
eummarised in the followihg paragraphs s 
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Triaxial Tests on Clay, showing 0 « 0 (approx.) 
with no Water Content Change. (Terza^i 1952) 


FIG.1 



Application of U - 0 Analysis to Calculation of 
Active Earth Pressure in Clays. 

FIG. 2 


1) Active earth pressure (Fig# For a ver- 
tical wall with horiz ontal bac king 

Pg - 7-1 - 20 ViTZJc (3) 

This gives a pressure distrihution with depth 
as shown in Fig. 2(b). With a tension crack 
of depth Zp the total thrust on the wall is 
e^ual to the algebraic suai of the shaded area. 
With variable strata a diagram such as that 
shown in Fig. 2(d) is obtained. 

The total thrust is again equal to the alge- 
braic sum of the shaded areas. 

The distribution of the total thrust de- 
pends on the mode of yield of the wall* 

2) Passive earth pressure (Fig. 5) 



Application of ^ « 0 Analysis to Calculation of 
Passive Pressure in Clays. 


FIG. 3 

pp - yjs + 2c m o) (4) 

• Jz * 2.4c Cc^ « ic) 

■ Jz + 2.6c (Cn • c) 

the coefficients of c have been derived by 
Packahaw (19A6) from, the modified wedge tneo- 
rv given by Terzaght (1945). 

5) faring capacity of shallow foundations 
(Fig. 4) 

+ (2*»‘7r)c strip footings (5) 

* ^*70 square footings (6) 

The strip footings equation was introduced by 
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Application of 0 > 0 Analysis to Calculation of 
Ultimate Bearing Capacity in Clays. 

FIG. 4 
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Jurgensoa (195^ t) from a theoretical analy- 
sis by Prandtl (1920). The square footing e- 
quation is based upon experimental work by 
Colder (1941) and Terza«^ (19^) and a field 
investigation by Sheapton (1942). With vari- 
able strata an average value of c in a depth 
equal to the width of the footing can general- 
ly be taken. 

An alternative approach is to calculate 
the shear stresses (cTi - crz)/2 in the ground 
beneath the foundation and^ensure that at no 
point is the stress in excess of the cohesion 
of the clay (Cooling 1942). 

4) Stability of slopes (Pigs* 9 end 6) 

Par homogeneous clays the problem has been 
solved by Taylor (1957) i Pig. 5t following 
the original work of Fellenius* Por variable 
strata the procedure is to analyse a chosen 
slip circle, as shown in Pig. 6, and then re- 


peat with other circles until a ■Intmua fac- 
tor of safety has been established. 


IT. UMPTATTOWfi Off THK d » 0 AgALmS . 

The foregoing methods of analysis have 
been applied ^th success in practical pro- 
blems, (see Ske^pton and Qolder 1948 for a 
summaCT of ten field examles)* It mustyhow- 
ever. he realised (a) that the analyses are 
based on the assuiution that the soil behaves 
as if 0 ■ 0 and (b) and there are three im- 
portant limitations to this assumption. These 
limitations are: 

1) Por fully saturated clays the angle of 
shearing resistance is zero only idien there 
is no water content change under the applied 
stresses. The rate of consolidation of clays 
is so small that, in most cases, the change 
in water content during construction is ne- 
gligible. Therefore the 0-0 analysis ap- 
plies, from this point of view, almost ex- 
actly to the conditions obtaining immediate- 
ly after construction. Thus the bearing ca- 
pacity of a foundation idien the structure is 
completed, the stability of a dock wall after 
dredging in front of the wall has been car- 
rled out, or the stabilitv of a cutting after 
excavation is coi^leted, are all given cor- 
rectly by the 0-0 analysis. 

But with tine water content changes will take 
place under the changed stress-conditions, and 
the shear strength of the clay will progres- 
sively alter from that used in the analysis. 
In the case of a foundation the change will 
be due to consolidation and the 0-0 ana- 
lysis is therefore conservative in that it 
gives the lower limit of bearing capacity. 

In some problems it is justifiable to allow 
for the increase in strength during construe* 
tion (see, for example, Bishop 1946). In the 
case of dock walls and cuttings, however, the 
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0-0 Analysis of Clay Slope with two Strata, 


FIG. 6 
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general tendency may sometimes be a reduction 
in strength, and this possibility must be 
carefully considered in design. 

The special case of stiff -fissured clays, 
^ere the changes in strength with time are 
great, is considered in another paper by the 
author (Skempton 1948 b)* 

2) Kven in fully saturated clays, tested under 
conditions of no water content change, the 
true angle of internal friction 0 f of the 
clay is not zero. Although the clay, at any 
particular water content, behaves with res- 
pect to the applied stresses at failure as if 
it were a purely cohesive material (when test- 
ed under these conditions) its behaviour is 
at all times controlled by the true cohesion 
and true angle of internal friction and the 
effective stresses. As shown by Terzaghl 
(1936) the presence of the true internal fric- 
tion is apparent from the observation that the 
shear planes in a compression test specimen 
are inclined to the horizontal at angles 
greater than 45®, (45® corresponding to the 
case of true non-frictional materials). Kie 
inclination a is in fact theoretically equal 
to ( 45 ® +-J-0f)for all tests including those 
where no water content change take place and 
the angle of shearing resistance is zero. 

In tests on individual undisturbed samp- 
les it is often difficult to obtain consistent 
values of ot owing to lack of homogeneity. The 
author has, however, examined a number of ca- 
ses where reasonably consistent results have 
been obtained and it appears that a signific- 
ant correlation exists between 0f and porosity 
(Skempton 1948a). In ^ig. 7 the results for 
saturated clays ere given x) These soils with- 
out exception, were found to have a zero ajagle 
of shearing resistance ail though eis will be 
seen, the shear planes were in all cases in- 
clined at angles greater than 45^. 

It therefore follows that whereas the ap- 
plied stresses at failure are given correctly 
by the 0*0 analysis, according to equation 
(1), the shear surface is controlled by the 


true angle of friction j^f : an angle ^ich is 
greater than zero. Thus the 0 ■ 0 analysis 
will not, in general. lead to a correct pre- 
diction of the actual shear surface, xiOT will 
the analysis, theoretically, give a correct 
factor of safety if the values of c are ap- 
plied to an observed shear surface. In prac- 
tice the errors arising from this latter 
point may often, though not always, be small. 

5) Clays which are not fully saturated do not 
give an angle of shearing resistance equal 
to zero when tested under conditions of no 
overall water content change. Thus in many 
problems associated with earth dams, embank^ 
ments and compacted bases and sub'^rades the 
0-0 analysis will not apply. In addition it 
appears that some silts, even when fully sa- 
turated, show an angle of shearing resistance 
in the immediate triaxial test greater than 
zero (Golder and Skempton 1948). for these 
soils also the 0-0 analysis does not apply. 

V. PRACTICAL EXAMPLES . 

Three practical examples will be taken 
as illustrative of the above points. 

1) -San Brink Out . (Skempton 1945). Here the 
acltual shear surface was determined with 
reasonable accuracy, and the shear strengths 
of the strata were measured as one-half the 
unconfined compression strength. Using the 0 
- 0 analysis the factor of safety was found to 
be 1.0, which is correct. But the slip surface 
corresponding to this factor of safety lays def- 
initely behind the actual slip surface. This 
is analogous to the fact that the 45® plane in 
a compression test is flatter than the actual 
shear plane. Moreover the factor of safety as 
calculated on the actual slip surface was 1 . 3(1 

X.) Lack of homogeneity is largely eliminated in 
remoulded clays and their 0 f porosity relation 
is therefore also given in Pig. 7 , It is clear 
that a definite correlation exists for these 
samples. 



FIG. 7 
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In triaxlal compression tests carried out with 
no water content change 0 was sero. Yet the 
shear planes were inclined at angles of more 
than 45® without exception. 


2} Chicago SuTnray. (Peck 1942). Here the earth 
pressure as calculated on the 0 - 0 
agreed well with the observed loads in the 
struts. The conclusion drawn by Peck was that 
the clay had an ”angle of internal friction** 
equal to zero* In the author's opinion the coiv 
rect conclusion is that during the few weeks 
of observation no appreciable water content 
change could take place and the essential haaia 
for the 0 m 0 assumptions in saturated clays 
was therefore complied with. Nevertheless the 
clay would almost certainly have a true angle 
of friction 0f in excess of zero. The strut 
load observations could not possibly supply 
any evidence on this point. But the author 
would be surprised if the shear planes in the 
compression tests were Inclined at 45®, or if 
any more elaborate analysis such as that dev- 
eloped by Hvorslev (1937) would show that 
for this clay. 

3) Wrone-Edwards* Critical Height Tests . In 
these tests, whicii are described by Skemp- 
ton and Solder (1948), it was found that the 
critical height of a vertical bank of remould- 
ed London Clay was 8 ft. This result is in 
reasonable agreement with the height calculat- 
ed on the 0 m 0 analysis using the measured 
values of c and y for the clay and the obser- 
ved depth of tension crack. let the slip plane, 
which was well defined in each of the three 
tests’, was inclined at 51®, and not at 45®. 
Moreover the value of 0f , deduced from the 
relation a * 45® +T0fia 12® and this is in 
close agreement with the values of 0f found ftom 
the Inclination of the shear planes in compres- 
sion specimens of remoulded clay at the par- 
ticular porosity (52 percent), of the clay 
used in the critical height tests, see Pig. 7. 


VI. CQNCIUSIONS . 

1) When tested with no water content change a 
saturated clay behaves with respect to the 

applied stresses at failure as if it were a 
purely cohesive material with an angle of 
shearing resistance 0 equal to zero. 

Consequently an analysis of stability 
based on this result will give correct results 
for earth pressure, bearing capacity, or the 
factor of safety of a clay slope for the period 
when water content changes are negligible, This 
will often be the case for the conditions at 
the completion of construction. 

2) With increasing time after construction 
water content changes may occur which lead 

to different strengths in the clay from those 
assumed in the 0 » 0 analysis* These should be 
allowed for as far as possible in the design. 
The special case of stiff-fissured clays is an 
extreme example of this effect. 

3) The fact that the 0 » 0 analysis leads to a 
correct evaluation of stability under con- 
ditions of no water content change does not in 
any way prove that the clay has a true angle 
of internal friction 0fequsd to zero. On the 
contrary there is evidence that most clays ex- 
hibit an angle of internal friction definitely 
in excess of zero. This ‘leads to the concluBim 
that, in so far as the position of the shear 
surface la controlled in part by the angle of 
internal friction (friction being a directional 
porosity and not mei^ly a coefficient repre- 
senting increase in shear strength under in- 
creasing pressure), the 0-0 analysis will 


lead to an incorreot placing of the shear sur- 
face. It is also concluded that a 0 • 0 analy- 
sis baaed on the actual shear surface will, at 
least theoretically, lead to an incorreot es- 
timate of the forces and of stability* 

The correct estimate of stablll^ will be 
obtained from a 0 ■ 0 analysis using the shear 
surface compatible with the 0 « 0 assumption, 
even though this surface is itself not coin- 
cident with the true slip surface. 

4) The 0 m 0 analysis cannot be applied to par- 
tially saturated clays, nor to those silts 

which show ap angle of shearing resistance 
greater than zero in the Immediate triaxlal 
test. 

5) It may be possible to evolve an analysis 
which overcomes the difficulties expressed 

in conclusions (3) above. Meanwhile, provided 
its limitations are appreciated, the 0 ■ 0 ana- 
lysis is a method of great value in civil en- 
gineering design. 
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A SniPUFIBD MBPHOD FOR CCMIFDTIWG THE BBAHIHG CAPACITr 
OP THE SOIL SUPPORTING FOOTIWGS OR PIBKS 

L« HARIVOBT 
Ghent ( Belgium )• 


IHTBDDUCTiqir , 

In engineering practice » it is often use* 
ful to dispose of a sinplified method for es- 
timating rapidly the bearing cepacity of the 
soil beneath footings or piers* 

By this estimation two main conditions 
are to be taken in consideration: firstly the 
foundation load will be limited in such a way 
that sltoar failure and loss of stability of 
the soil cannot occur 9 and secondly the found- 
ation must be designed to distribute the load 
so that dangerous settlements of the super- 
structure are prevented. 

The ultimate value of the bearing capa- 
city of the soil and the magnitude of the 
settlements depend not only on the mechanical 
properties of the soil, but also on the site 
of the loaded area* its shegpei and its loca- 
tion with reference to the surface of the soil. 
It is evident that settlements are dependent 
on the allowed unit load. 

In order to reduce the tine required to 
solve both problems of stability and deform- 
ation of th 8 soil, for some practical cases of 
loading condition 89 diagrams are presentedf 
which greatly sl^^llfy the use of formulas. 


BASIC FORBUIiAS . 

1) The bearing capacity of the soil. 

In accordance with the investigationa of 
Prandtl and Bulsnan, H. De Beer obtained a 
general foraula fdr the ultimate bearing capa- 
city of the soil supporting a continuous and 
centric loaded footi^ with a width b. In that 
formula. It la assumed that the shearing re- 
sistance 8 of the soil is determined by the 
equations: 

8 « c p^j.tg + (<r - p^) tg^, irtiena> p^^tCl) 

8 ■ c + <r .tg , whena > ( 2 ) 

wherein: 

c - the cohesion 

9 * the angle of internal friction 
of m the 'Apparent** angle of friction 
^ • the effective normal atxeas 
Pw « the effective normal stress beside the 
^ base of the footing. 

For cohesionlass s^ls ( e « 0), H* De 
Beer obtains for the ultimate bearing capacity 
dj., the following formula: 


dr - V"b • Pb ♦ V'g -Ik •'» ^5) 

in ehich: 

b - the width of the footing. 

> the unit weight of the earth below the 
footing, in correlation with effective 
normal stress. 


7"-^ and « factors which depend onq) andcp* 


An analytic expression of the factor V'ci 
whose values depend only on cp* , has been ela- 
borated by Prof. Eaes. Some values of V'g, ob- 
tained by means of this eapression, are ^con- 
tained in table X. Corresponding values of V**^, 
given by (4) for the case 9 « 30^, are also 
indicated. 


TABIB I. 


f 



<P' 

n 

^’b 

5® 

10® 

15® 

4.7 

5.8 
7.5 

0,2476 

0.7255 

1,6413 

20® 

25® 

300 

9,6 

13,0 

18,2 

5,4522 

7,1654 

15,190 


2) The settlements . 

The final settlement Z of a rigid footing 
may be canted from the Terea#ii formula: 


j; 


dh * - , d; ♦1-Ap 

2,3 • log -2 — 

wherein: 

C - coefficient of ccm^ressibility 
dh « thickness of an elementary layer 


(5) 


0 ; - original effective stress upon the layer 
dh, located at a depth % below the base 
of the footing. 

Ap ■ increase of the effective stress at the 
level of the base. 

1 - Influence value of the surcharge np , on 
the vertical normal stress st a di^th s. 

• final effective vertical stress up- 
on me layer dh (depth s). At the level 
of the base (s • 0 ), idiere the influence 
value 1 • I 9 and the original effective 
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T«rticaX stress or^ « pw, acts a unit 
loadt 

P • o ^-^P )© • Pb ■*‘^P* 


ISELOMrCB YAUg 1 DCB TO A SURFACE LOAjAp . 


Tbe vertical normal stress increase iOL 
at an azbitraiy point i, located at a depth s 
belov an elementaxv surface dS of a loaded 
area S, idiicb carxaes a load /ip, can he ob- 
tained by the BoussinesQ-Buisman fomulat 
* ... 

^ ^ » cOB*o*np, (6) 

wherein e is the an^e between the vertical 
axis through the point A and the vector (A,dS)« 
Tbe influence value i for the point A is 
obtained integration of the egression (6) 
over the whole loaded area 8t 


■M. 


2*dS 


cos*d-np« i.op (7) 


's ^ 'S " ‘ 

It has been proved (Toitus van Hamae, 
Delft) that for some particular points of a 
continuous, a rectangular, a square or a cir- 
cular footing, the eettlemente computed in 
using the formula (3)i are practically inde- 
pendent of the lav of distribution of the con- 
tact pressure over the base of the footing. 

In these particular points the settlements may 
then be computed in the assumption that the 
distribution of the contact pressure is uni- 
form. Further by absolute rigidity of the 
footing, the settlements will be uniform and 
equal to these calculated for the particular 
points. Tbe location of these points is -indi- 
cated In figure 1. (points P). The following 



table (table II) contains tbe calculated Iuf- 
fluenee values 1, at different depths of tbe 
vertical axis passing thorouc^ tbe point P of 
a continuous, a square and a circular footing. 
The depths are expressed by the ratio of the 
ordinate s to the width of the footing* 


THB QHARA CTESISnCS OF THB SOIL . 

Location of the water level and unit weight 
of the soil . 

The effective pressure p^ at the level of 
the base of the footing or the effective pres- 
sure at an arbitraa?y depth below the base 
depend on the location of the groundwater level 
and the unit wei^t of the soil. 

In the following investigations it is 
arbitraxy assumed that the water level corres- 
ponds with the foundation level. Further it 
is supposed that the pressure in the water Is 
hydrostatic. 

As unit weights of the soil, we admit: 2 

- soil above the water level : g m 1,6 t/m^ 

- soil below the water level : Jn - 2,0 t/m?. 

Taking in account the hydrostatic pres- 
sure in the pore-water, the unit weight k v to 
Introduce in the formula (3) is: 

• (2,0 - 1,0) t/m^ or 1 t/m^ (8) 

Hence, if the surface of the groxind is hori- 
sontal and does not carry any surcharge, we 
obtain: 

- effective pressure py s ^ 

^ « 1,6 h (h in m. , p^ In (9) 

wherein h ie the depth of the base below the 
surface of the ground. 

- effective pressure ^ : 

0 ^^ « l,6h + Is (h and g in m, cT^ ln.(iO) 

in which z is the depth below the level of the 
base. 

THE SBBARIHG HESISTANCB OF THB SOIL . 

It is assumed that the shearing resistance 
8 of the soli located below the base of the 
footing can be expressed by tbe fomuXas (1) 
and (2). Assuming furthermore that the soil is 
cohesionless (c ■ 0), md has an angle of in- 
ternal friction <p « for a normal stress 
smaller than p^,, the shewing resistance a of 
the idealized soil we will introduce in our 
calculations, can be represented by figure 2. 

The shearing resistance of tbe soil located 


FIG.1 


TABLE II 


lirfluanee values 1. 


continuous footing 

square footing 

circular footing 

width b 

side 

a 

diamete 

r d 

depth 1 



1 

depth 1 

i 

depth 1 

i 

0 

1,00 

D 

1,00 

0 

1,00 

0,2 

0,95 

0,2 

0,90 

0.2 

0,87 

0,4 

0,82 

0,4 

0,67 


0,64 

0,6 

0,70 

0,6 

0.52 

0,6 

0,48 

O^B 

0,62 

0,8 

0,40 

0,8 

0,37 

1,0 

0,56 

1,0 

°'52 

1.0 

0,28 

1*2 


lf2 

0,26 

1.2 

0,23 

1,4 

0,45 

1.4 

0,21 

1.4 

0,19 

1,6 

0,41 

1.6 

0,18 

1.6 

0,16 

1,8 

0,37 

1.8 

0,15 

M 

0,13 

2,0 

0,35 

2,0 

0,13 

2,0 

0^2 
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above the level ot the base of the footing is 
neglected* in e^rozimate value of <p* can be 
obtained frcm triazial compression tests or 
derived from deepsouuding results. The follow- 
ing table contains some limits of <f* found for 
different soil t^pes: 


TABIB III, 


Soil type 


soft alluvium 

5^ - 10? 

fim tertiaiy clay 

J?0 - ilo 

loam, or clayey sand 

15o - % 

loose sand 

25® -o30® 

coiqpact sand 

>50 

THE COMPBESSIBILITY 0? THE 

SOIL, 


In computing the settlements of a soil 
stratum which is Bub;)ected to a foundation loadt 
it is generally assumed that the soil is homo- 
geneous ^ isotropic and perfectly elastic. Fur^ 
thermo re we select a foundation material whose 
deformation characteristics correspond to a 


0 


1 


2 


h 


in 3 


M 


4 


5 


Q in M 

2 3 4 5 



given coefficient of compressibility, namely 
C - 100. The coefficient of compressibility of 
ths real soil has to be determined by consolid- 
ation tests or can be derived from deepsound- 
ing results* Some values of C obtained for 
some soil types are given in the table IV* 

TABIB lY. 


soil type 

C 

peat 

clay 

sandy clay, loam 
sand (according to 
the cowpaclty) 

5-10 

10-20 

20-30 

5- - 500 


BBAIONG CAPACITY DIAGRAMS , 

Combining the equations (5)« (8) and (9)i 
we get: 

dy . 1,6 . h ♦ Vg . b (II) 

This equation shows that the bearing capacity 
d^ is a linear function of ths depth h below 
surface and tba width h of the footing* 

In the figures 3 to 8, where b is plotted 
against h for various angles , the expressLos 
(11) Is represented by a net of stralj^t lines 
of^equal bearing capacity * 

SETTXEIENT GRAPHS * 

In integrating graphically the equation 
(3) I in idiich C - 100, settlements have been 
cosqputed for various widths of the footing and 
vadous depths below surface* Different values 
of the unit load p were taken in consideration 
namely p-5-10-15-20 t/m2. These opera- 
tions have been repeated for a continuous long 
strip, for a square and for a circular loaded 
area. The influence values 1 of the table II 
were used. In addition to this, it will be 
said that the Integration of the expression 


b in M 



Lines of equal bearing capacity for continuous footings. 


FIG. 3 


FIG. 4 
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(5) was Halted to a depth equal to two tlaea 
the emalleet plan dlaensioii of the loaded 
axea. The results of these coaputatlons (about 
200 In number) have permitted to drew the 
graphs of figures 9 to 20, in idiich the width 
b is plotted against the depth h, and curves 
of eoual settlement are represented. 

m^ be seen in figures 9, 15 and 17, 


that the curves of equal settlement approach 
an horlsontal asysptote with an ordinate 

. 3,125 a. At this critical depth, 

the weight of the soil balances the unit load 
p - 5 t/m^ of the footing, for values of h 
greater than h^, the underlying strata will 
have a tendency to swell* 





5 


Curves of equal settlement for different values of unit load. 

FIG.11 FIG-12 


jCTHODS fOR BSEiUmiG BBAHIIIG OA- 
PAaCIgT AKD SgmgMaiTS , 

1) Wb»r» the eoiX oharecteriAtlce and the load- 
ing conditlona corxeepond to the aeeueptlona 
introduced hj elaborating our dlagransi the uee 
ttimf for example for dealga- or footingSt 


preeenta no nore difficultlea* Even intexpoler- 
tion can be easily effected for Intexnedlaxar 
▼aluea of or p. 

2) Equation (11) and figures ^ to 8 refer to 
continuous footings. Practically the equa- 
tion (11) and the corresponding graphs are al- 
so applicable to rectangular footings idiose 



Sgaare 


a in M 


0 12 3 4 5 



FIG.13 


a m M 



FIG.15 
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FIG.16 


be used for a aqaare or a circular foot ly t it 
is only necessary to multiply tbe indicated 
values of by the coefficient 1«3« 

3) The formula (11) has been obtained for a 
centric loaded atrip. By eccentric loadiM. 
and if the eccentricity is small/ the use ^ 
the formula, (11) may give sufficient results. 
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p =5 T/m2 
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Curves of equal aettleinent for different values of unit load* 


FIG. 19 

when the width h is substituted by two tines 
the complenental eccentric! tj 2u. 

4) The developed formula of the bearing capa* 
citv assumes that the surface of failure 
consists of a logarithmic g>iral tanMnt to 
two strai^t lines ti»randti*8 theory}. 

M« Andersen (Minnesota) has developed 


FIG.20 

formulas in i^ch it was assumed that the sur- 
face of rupture can be approximated by circul- 
ar arcs* as shown in figure IS, In coiQ>aring 
two methodSi for a cohesionless soil In 
which 9 • , Mr« De Beer has found that the 

method of circular arcs gives smaller values 
than the Prandtl method^ when the width of the 
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Prandtl and Andersen Methods. 

f IG. 21 

footing is great compared to the depth of foun- 
dation (shallow foundation). Pig 21 . On the con- 
trazTf the Prandtl-method leads to no3re safe 
reTsults irtien dealing with de^ foundations, 

Mr» De Beer has shown elsewhere that the ap- 
plicability of both methods can be limited by 
a critical value of the ratio of the d^th to 
the width of the footing. Since this value de- 
pends only on the angle of internal friction, 
the zones of eg^plic ability of both methods may 
be separated by the straight lines shown in 
figures 3 to 8 (dotted lines). Above these 
critical lines, the curres of egual bearing 
capacity may give exaggerated values of d-. 

On the other hand, in the developed for- 
mula, the shearing resistance of the soil lo- 
cated above the level of the base of the foot- 
ings has been disregarded. However on the safe 
side, when dealing with deep foundations, such 
simplification is not Justified, because the 
resulting error may be excessive. 

Now the diagrams developed for the bear- 
ing capacities, give ultimate values, at which 
rupture will occur. If they are applied to de- 
sign of footings, regardless the problem of 
settlement, suitable factors of safety should 
be used. When dealing with deep footings or 
piers, a factbr of safety, s « 2 or less, may 
be allowed. When the load of the construction 
is transmitted by means of shallow foundations, 
a factor of safety of s > 4 or more may be 
necessary, 

5 ) The bearing edacity diagrams have been 
computed In the assumption that the surface 

of the ground beside the foundation is hori- 
zontal and not surcharged. When the surface of 
the ground carries a uniformly distributed suav 
cha^e Q per unit of area, the graphs can oe 
used Oy Introducing an eq\^valent depth of 
foundation by means of the foil oHng Equa- 
tions: 

Pjj - q + 1,6 h . 1,6 hj 

_ h + (12) 

6) A similar merthod can be used when the real 


the water IwvwX. 

1*2^ • the real unit vel^t of the soil be* 
low the base of the foundation, re- 
duced by the unit weight of water. 

^ « a unifoza surcharge, 
b^ • e ^lvalent depth ^d width of found- 
ation wnicn leadTto an equal beaAhg 
edacity in an unsuroharged soil wlw 
characteristics: 

» - 1,6 t/wfi, • 1 t/)i 5 . 

The ultimate beail^ value may than be comput- 
ed, by replacing h and b, with ^ and bf : 

Pb • q + I*, n - 1,6 hf ( 15 ) 


( 2,0 - 1,0) b. 


( 14 ) 


7 ) If the groundwater level does not corree- 
jond with the level or the case , but Is lo- 
cated oiuy at a depth h oelow the surface 
of the ground, we can introduce the equivalent 
depth hf J 

P2> - 1,6 hj^ ♦ (2,0 - 1,0) (h - h^) « 1,6 h^(15) 

If the water level is far below the level of 
the base of the footing, an equivsilant width 
b« is given by: 

1,6 b - (2,0 - 1,0) bf ( 16 ) 

8) The use of the formula ( 11 ) is Justified 
when in the proximity of the foundations, 

the surface of the grou^ has not to be modi- 
fied by excavation or cutting wo^s. In con- 
struction of buildings, it is often necessary 
to found the footing near a deep cut needed 
to provide basem^t room, for exaiq>le for cel- 
lars. If h represents the d^th of the founda- 
tion with reference to an horizontal section 
through the bottom of the cut, the method baa- 
ed on the equation ( 11 ) could be used. Never- 
theless for small values of end small values 
of h, this method can lead to very unfavorable 
results, because the preconsolidation under 
the original natural pressure was disregarded. 
In order to take in account the effect of the 
preconsolidation, Ur. de Beer presents in this 
case the following bearl^ capacity formula: 

1] + vi-r.-b 

wherein; (17) 

p^j o • original effective vertical pres- 
* sure at the level of the foundation, 
before the cut was opened, and which 
corresponds to the wei^t of the earth 
below the surface of the ground (height 

hfl) • 

the actual effective pressure beside 
the base of the foundation, and which 
is exerted by the earth located below 
the bottom of the cut (height h). 
a function of <p and qf . Some values of 
when ^ • 30°, are given in 

table V. 


Pb 


TABLE V 


tp’ 

X (tp, t') 

<p’ 


5° 

17,9 

20° 

17,6 

10° 

14,0 

% 

22,9 

15° 

14,6 

30° 

31,8 


unit weiidits of the soil are not the saro 
as those introduced in the elaboration or tne 
HTagrams* , , ^ 

Xiet: I* m the real unit weight ot the soil above 


In order to obtain a convenient solution 
of the, equation (15), ve introduce an equi- 
valent d^th bf of foundation, by means of 
the following equations: 



&s 


t«<r* 

*v.[x (». v)ta 

'P.. {'«) 


(19) 

V*. 


1,6 hj - ^ *^o* 

hf » K. 

(20) 


The factor S. has been oos^uted for different 

values of the ratio ^ ■ or and differ- 

•^,0 °‘o 

ent values of <p' , Values of £ for <p * 30 are 
given in table VI. 


the value of the final settleiaent Z, depends 
on the opposite value of the coefficient of 
compressibility C, the probable settlement 
for the areal soil will be obtained by multi-- 
olvlng the values of the graphs by the ratio 

in mhich G is the real coefficient of 
compressibility. 

If the load con<Ut ions aare not the same as 
those introduced In basic graphs, a graph- 
ical interpolation can lead to a sufficient 
accurate solution of the problem. 

If the soil characteristics , as unit weight 
and water level s differ the assumed one a. 
in the most cases the graphs give an upper 
limit for the areal settlement. In introducing 
equivalent values for the width or the deptn 


TABLE VI 


h/ho 






5° 

10® 

15° 

20° 

25^^ 

V>l 

o 

1.0 

1,000 

1,000 

1,000 

1,000 

1,000 

1,000 

0,8 

0,928 

0.905 

0,875 

0,850 

0,825 

0,800 

0,6 

0,838 

0,798 

0,756 

0,707 

0,656 

0,600 

0,A 

0,718 

0,662 

0,598 

0,533 
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FIG. 22 


For rapid interpolation, the values of 
the table VI may be plotted as in figures 22 
and 23 . 

To obtain directly by the usual proce- 
dure, (diagrams 3 to 8) the bearing capacity 
dp of the footing near a cut, it is now only 
necessary to select the tabular or the graph- 
ical value of the ratio K, and to calculate 
the equivalent depth of foundation by 
means of the equation (20). 

9) The settlement graphs represented by fig- 
ures 9 to 20, are constructed for a given 
degree of compressibility of the soil, namely 
C « 100. 

8indtv in accordance to the basic foi3!ula,(3)f 


h 


ho 

0 0,2 0,4 0.6 0.8 1,0 



FIG. 23 


Of the footings, as was done for the use of 
the bearing capacity diagrams, useful and 
sufficient approximate information on the 
settlement problem may rapidly be obtained. 
10) Even, idien the compressihility of the 
soil has not been previously determlaed, 
the diagrams may give useful indication in 
order to avoid differential aettl^ent. For 
instance in the case of an approximately ho- 
mogeneous soil, it will he possible to choice 
judiciously the size and the depth of the 
different footings of the construction, in 
such a way that the final settlements of the 
varloua parts of the construction will be as 
uniform as possible. 


.o-o-o-o-o- o- 
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To characterize the state of failure in 
Soil Mechanics Coulonb's equation of stahili*^ 
t - n tg^ + 0 is made use of. This law has 
been proved e:qperiaentally partly only, because 
in the range of tension, the envelope curve 
characterising failure differs greatly from 
the straight line determined by the above mai- 
tioned equation (Fig. l.a.) In the following 
an atteo^t is made to deduce the exact law of 
failure. It is assumed that Mohr's stress 
circles have an envelope, but this is general- 
ly a curve, its coordinates t and n are func- 
tions of anglec (Pig. l,b.)7 



I. AUXILIARY THESIS . 

From stresses t and n acting on the slid- 
ing surface inclined to tSe horizontal at 
angle a and from conditions of the envelope 


curve, i.e. 


a,- CTx 


2T 


l;of( la-t)-- 

equations of the conjugate stresses can be 
deduced, i.e. 

sinacos{a-£j \ 
Cr;j=n+2t \ 

COS E 


(Tx = n-2k 


sin(o(.-£)cosa 

COSE 


r 


therefore y is not constant but generally) 
a *a(x,f). Since y is function of stresses 
o^, (Xx and T and the latter are functions of e 
only, 7 . f (e) ( 5 i 

because either a is constant or a ■ f (e) , 

hence all stresses are functions of £ only. 

The conditions of equilibrium of the ele- 
mentary prism can be expressed by Cauchy's 
equations: 

dcrtj de ^ dr dc 

di bij de dx 

dox be dr de 

dt 6x de bij 

Fr<Ma fiq. (4) we obtain and 



be 

b.j 

bx 


T do; do;) /df^ ^ 

de d£ '’iHi’) 

dT 

■y dcr, doi /dT)*=~y^'^^ 
de dt \^l 





X = t 

cosf: / 

That is, all stresses are combined functions 
of angl es e and a • 

In a shearing test, according to arrange- 
ment on Fig. 2. after compression of the soil, 
angle 0 ( is equal to zero, the sliding surface 
becomes horizontal, therefore, substituting In 
equation (1) oc « 0, we obtain 

o"u = n 

n+2t tgE 

i: 

all stresses are functions of t only. 

II. ATTYTT.TART TKR5I3 . 

Ihe soil sample is under arbitrary stress 
and its wei^t per unit volume varies either 
under an external load or under its own weight, 
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Generally, the deziQiiliiator caxmot \>e aero or 
It would follow that Y - 0. which is possible 
only in the case of the wei^tless mass. 

Differ^tiating the first equation under 
(4) with respect to^x, the second with respect 
to 7 and equating to we obtain: 

— f.-vF/-— 

de ' 6>t. dc btj ® d»j 

substituting ^ and from Bq.(5) 

hence t T 

that is ft ** Kfz 
substituting from Eq. (4) 

^ K — 
hence de ‘ de 


k,o;+ ki 


ad 2.) Eq«(9} yields the required func- 
tion t m f (x,y;. There is an infinite number 
of possible solutionst for instance 


£= TT^*— 

K.X-IJ 

Idle 


etc* 


a.) Stress conditions in the shearing test . 

In the shearing teat, t^e sample has 
such small dimensions that its own weight can 
be neglected in coi^arison with the exterzial 
load| thus Y • 0. Ihe system of equations (4) 
holds, if: ® 

0 ft'O- l7i=° *‘*»*^« 

£ ■ constant 


it means, that the envelope is a stral^t 
line. This is Ooulomb's solution: t *n tg^4<3* 
or 2«) if the main determinant of the equation 
system: 


= 0 



dCTy 

dT 

\ 

d£ 

d£ 

> (6a) 

. dr 

dox 


d£ 

d e 


that is, the shearing stress ( T ) at an arbit- 
rary point in the interior of the body is a 
linear function of the normal stress o; 

This law, as the basic law of the state of 
stress of a body possessing weight is satis- 
fied as long as stresses are functions of £ 
only. 

Substituting t and its differential- 
quotient with respect to £ in the second 
equation under (4; we obtain: 


de \ dx bii / 


bij. 

thus = C, 

^ =0 
dx bij 
This equation is satisfied, if 
£ = f{k,x-ij) 


either 1.) 

d£ 

be 

or 2.) — '*■ k 


( 7 ) 

(8) 


( 9 ) 


ad 1.) If ax=C, it follows after Eq.(6.a); 

T = Ct 

In this case Mohr* s stress circles have a 
point in common and have no envelope curve 
CPlg* 5*). Therefore, this case lies outside 
of conception of the envelope and Is thus 
impossible. 


that is 


do; doy _ ^ 

de dt \de] 


(11) 


Substituting the values of Sq.(2) in the 
preceding equations and considering that along 
dt dn . 

the envelope curve: — = tg[£we get after 

reductions: de dt 





FIG. 3 


FIG. 4 b 
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^.2ttgE = 0 (12) 


Solving this differential equation we obtain 

t=C,co 3 *e I 

> (I3l 

n= Ct~C,(£»sin£cose) 1 

respectively. 

These are the equations of the envelope 
curve with parameter t . Te plotted same 
in Fig. 4. a. 

This is a novel and as yet unknown law of 
failure, valid mainly in the range of tension, 
the curve of ^ich is joined tangentially at 
angle ^ by Coulomb's boundary straight line. 
(Fig, 4.b.) 

Computing angle ^ from the compression- 
shearing test and the tensile strength 
from the tension test, we obtain the charac- 
teristics of the combined envelope curve 

(ns.4.a.): c.-C,f =- 

In the point of contact G ; £ • A substit- 
uting (13) in ho) 


C{COS*(^ =|^C, - C, + sint^ 

The constants C, and Ot may be determined 
the envelope curve will be known in the range 
of tension too. 

Indeed, the envelope curve intersects the 
t-axis below the Coulomb line, thus, the effec- 
^^ive cohesion (Ce) will be smaller than obtain- 
ed from the straight line (Cc). This fact was 
suggested long ago by researchers, because the 
Coulomb line gave cohesion values unsuitable 
to explain stability conditions and slope 
failures. Fig. 5« shows a combined envelope 
curve obtained by tests on clay. 



b.) Law of shearing in mass possessing weight . 

Tet the taw or shesEFing in a hea^ earth 
mass be investigated. There exists in this 
case the relationship (6. a), substituting 
values of cr^ and t from (1) and equatlngK,- tg\^) 
we obtain 

tost \ COS£ / 

After reductions: 


If A • fU) is given, Bq, (14) may be integrated 
bM '^e stresses t and n will be known, thus 
the state charaeterisedTby stresses or% Oj. and 
irand also the sliding surfaces will be clear- 
ed up. 

I, S.g. let the simple case of a - e be 
considered • 

It means, that the vertical lines are sliding 
surfaces, too, because - accordii^ to iCohr'a 
th^rem - the angle between the sliding sur— 
^ces is(90*-£) thus, ifa ■ e the apgle of 
inclination of the other sliding surface 

tt, *90’-£*£-90* (IS) 

In this case from Bq. (14) 


thus 


t coi:'\p*n*k,cot\p 
t- ntgi^*kt 


Tfe obtain Coulomb's law, that is £ «a ■v,wbeDoe,‘ 
the sliding surfaces are planes inclined atTp-t 
on the one hand and vertical planes on the 
other hand. That is, Coulomb's law is valid 
for the heavy earth mass, too, but In this case, 
the sliding surfaces are planes inclined at 0 i*\^ 


Moreover, Coulomb* s linear law of failure 
holds also in the case of other (plane of curv- 
ed) sliding surfaces. Since £ ■ ^ , this time 
Bq. (4) cannot be used, stresses cXi.au and t 
being functions of the angle of the sliding 
surface and not of angle t 

II. Let now a « 43® + , then after Bq.(I) 

T - 0 (16) 

and from Bq.(4) 

t = n + kiCol"ij) 

COSE 

Differentiating with respect to « and substi- 
tuting the relationship 


whence 

and 
That means 
of stress 


dn 

"dl 

dt 
d£ 

t* C,COSE 

n - Ci-C, Sint 
, the body is 
(Fig. 6.) i.e. 


— cote 
dt 




i 


we obtain 


(I7j 

a homogeneous state 



FIG.6 


cose 5in\p 
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If air stresses are constant, it follows froa 
Cauchy’s law of equilibriums Y - 0, therefore 
the case of 0-45+ f does not' refer to the 
heavy earth mass, and must be excluded* 

It would lead far to deal in detail with 
a given problem, therefore only the way, how 
to solve it is shown now. 

1) If a • f(e) is given or assumed relation Eq. 
(14^) leans to a homogeneous linear equation 

of first degree, from which we obtain t « f(e] 
and by integrating n « G(£] respectively am 
using these relationships, all stresses as 
functions of £ may be determined from Eq* (1)* 

2) Assuming now on basis of Bq* (9) function 

e • f (x,y), the stresses, as the functions 
of coordinates (x,y) will be known as well and 
determining from the first equation under (4) 
functions “ Y(^) •Y(3C»y)» we have in every 
point the' value of 'the weight per unit volume 
and in connection with it, the value of the 
void ratio and finally, on basis of a ■ f(6j » 
g(x,y) the geometry of the sliding surfaces is 


established* 

C05CUTSIQRS 

In order to examine conditions of equilib- 
rium of earth masses with respect to the fail- 
ure, CouI09d)'s linear law has ^as yet used. !Qiis 
is ^a very primitive law, since we proved that 
the form ox the function ^ving the stresses 
acting on the sliding surfaces, t « f (n) is 
greatly affected by the shape of the sliding 
surfaces produced by the movement of the earth 
masses and by the variation of V that is of the 
void ratio, briefly, it is determined by the 
manner of movement. As soon as we know these, 
the stress conditions can be computed* 

ACgNQWT.EDfliafmfP 

The author wishes to express his gratitude 
to A* K^zdi for preparing the figures and com- 
pleting the manuscript* 
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STATE OF STRESS IS GBBAT DEPTH 
Prof* Dr* JOZSEP JAKY 


The author wishes to deal in this paper 
with two states of stress, namely with the 
law of compression and shearing due to great 
pressures. Laboratory tests used to be extend- 
ed up to the pressure p - 10 kg/cm ^ and the 
results of numerous tests are sumiarlzed in 
the following empirical laws: 

1) The compression is well characterized by 
Prof. TerzagUi’s law: 



e (l) 

that Is, the void ratio e depends on the 
logarithm of the p - pressure* 

2) The shearing test proves Coulomb* a assump- 
tion that is on the surface of shear: 

t - n tg 0 + c ( 2 ) 

The question is ^rtiether the above equa- 
tions are also valid in the range of great 
pressures. An effort is made to give an ansvrer 
partly by e^eriments partly by theoretical 
considerations. The tests were made on dry 
QKnii only, but the results obtained may be 
generalized for cohesive soils, too* 

The grain distribution curve of the sand 
used in the experiments is shown on Fig. 1, 
the effective grain size: D ■ 0.2 mm. Its void 
ratio is - 0*568 in dense state and 

0*985 in loose state, its specific gravity 
s s 2*66 g/cm3. 
a) Compression* 

The compression test carried out in an oedo- 
meter after Casagrande, dimensions of the soil 
sample were as follows: diameter 45 mm, 
hei^t 18 mm* The water content of the sand 
was w ■ 5.8 %. Die pressure raised in uniform- 
ly graduated steps up to p « 200 kg/caF . The 
function p • f (e) is plotted on semi and 
double logarithmic scale (Fig. 2)* It may be 
stated, that the curve follows the logarithmic 
law to PI • 4*0 kg/cm2 only, from there it 
obeys a power parabolic law, that is, the more 
general law of compression: 

®o- SP” 


FIG.1 
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FIG.2 


In the case of our experiment: 

0-0.756-0.0126 ?®’* 


Results the law of compression of soil between 
pressures p » 0 • p]^ is stressed by Terzaghi^a 
logarithmic law, above pressure p^ the power 
parabolic law* 


b) Geo static presaureo 

In a semi-infinite solid bounded by a hori- 
zontal line, as a result of X « 0 the horizon- 
tal and vertical lines are trajectories of 
principal stresses, the principal stresses are 
functions of y only. From the equilibrium of 
the elementary prism: 



(4) 


wherein g specific weight is not a constant , 
lie density increases with increasing deptE. 
(Fig. 3) In the case of dry soil: 

(5) 

1 + e 


Substituting the value of from £q.(l) or (3) 
B) ^j<Pl 


-ttTTTTTTTTTVTTTTTTTTTTTTTTTW^^/ 



|9 

i 

|dy 


<i»Ii ^ -S f 

du (l + A -C|ln(Vy + P(.) 

Using the abbreviation A - 14- eo+C,lnp^ 
integrating and considering that if y « 0, 

S- 0 


That is the geo static pressure is not linear 
with depth os has been computed generally up to 
the present. 

1 ) Ifc'>pi the power parabolic relation must 


be used. 


dg^j ^ 6 

du ” 1+ eo-S^ii™ 


whence 


ik 

So 


wherein 




Si (7) 

afm+l) “ 

in the original state, the 


specific weight on the surface. 

The curves according to Bq. (6) azid (7) 
are plotted on Fig. 4. ^e curves coincide In 
the upper part in such a way, that their dis- 
tinction la not possible, therefore, the power 
parabolic law may be accepted In both sections. 

The geo static pressure computed from 
constant is a stral^t line plotted against 
the depth and gives values 10 % smaller than 
the correct formula. The curve reveals the 
real situation up to 7 • 1300 m depth. 
c) Spec If ic weimt varying with the depth, s 

The specific wei^t of the dry sand>a 

substituting B “ we obtain; I-** C 






that is, the specific weight increases with 
the power of pressure its variation with d^th 
is shown on Fig* 4* The CTeclflc.wei^t of the 
soil on the surface « 1*3 t/n? increases up 
to jr • 1.8 t/m^ in a depth of y > 1200 m. 






FIG. 4 

d) Law of shearinR> 

Shearing tests under great pressures were 
carried out by the Geotechnical Conmittee Gov. 
Railways of Japan 1). It was proved that the 
law of shearing is better characterized by the 
power parabolic relationship t ■» A n^ than by 
Coulomb’s assiimptions. fhis fac^ we^ suggested 
by the author in 19^ plotting one test of the 
M.I.T. to doable logarithmic scale 2), 3)(^ig* 
3)» Phe straight lines prove between wide 
limits n - 0,01 ^ 10 kg/cm ^ the validity of 
the power paraoolic law. 

ne examine theoretically in the following 
the law of friction of compressive soils. 

Assume a nonlinear relationship between t and 
n. which is characterized by some curve t?ig* 
S). "nie cohesion belonging to compression 
pressure n is the value (t n tge>) measured 
at n « 0. Based on the preceding facts it may 
be assumed, that cohesion increases with in* 
creasing n pressures aci^rdlng" to a power pa* 
rabolic law. that is 

tTnigs-cn* W 

t-^n~cn" 

dn dn 


or substitutingtg t. 


whence the demanded law: 


t- kn +- 


1- m 

constant of integration. 


(lO) 


FIG.6 


Since 


tg « 


cm 
1- m 


(ii) 


dt 
dn 

it may be seen that 

1. if m<l "tgc— ^ n 

— 1 — m n 

the curve is a power parabola , its tangent at 
the origin is vertical/ ^ts asymptote has slope 
Ic - tg(pe (Fig. 7) curve 1. 


, cm 1 
k + r 


i-w 


m-1 


2* if m>l tg£» k n 

m-1 

the slope of the tangent at the origin: k 


tg<Pt 

-1 


The curve has a horizontal tangent at n 

fW — 1 ^ 

k* with increasing n values c becomes 

Ctti “ 

negative and the curve intersects the n axlSt 
that is t ■ 0 .(fig. 7) curve 2. "^ich Ta physi- 
cally nonsense, so the curve is valid up to 
point B only, the law of friction is expressed 
by the^contlnuation of curve 1. 

3. if m « 1 : constant, we obtain Coulomb’s 

law of friction; t • n (tg^ + c ) - n tgrf 
All three curve shapes may occur in ac- 
cordance with the compactness of granular 
material. Test results carried out with sand 
by various e© initial void ratios are shown on 
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n, 


FIG. 7 

Jig 8* If ny 2 Icg/cm^ the relationship between 
Tail " expressed by the power parabolic 

Oq « 0.85 t - 0.478 n^*^^ 

©o • 0*76 t - 0.54 

* 0.67 t - 0.74 n 

©o • 0*56 t * 0.906 n^-95 

The exponent n « 1, so Coulomb’s law is a 
practically ecceptable approximation. 

The importance of the first term of Bq* 
(10) could not be stated as well as required, 
because the construction of our shearing ap- 
paratus did not allow to produce reliable nor- 
mal stress under n ■ 1 kg/ cm2. The law of 
shearing by small stresses remains to be in- 
vestigated. 

The tests were carried out by Assist. E, 
Szilvfigyi, besides him, H. willingly 

participated in preparing the figures and the 
manuscript . 
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A FUNDAMENTAL THEORY OF PLASTIC DEFORMATION AND LEAKAGE OF SOIL 

KANO HOSHINO 
Japan 


I, PLASTTf! PBEOaiATIQN AND BREAKAGE OF SOIL 

MASS . 

Under the action of external forces, a 
soil mass undergoed a gradually increasing 
deformation and finally reaches to a breaking 
point, which appears only when tensile or 
shearing stresses are working. On the other 
hand, by compaction it becomes more solid and 
dense, increasi^ the difficulty of deformat- 
ion and affording a higher breaking strength. 
We must deal with soil masses as plastic ma- 
terials with narrow or no range of elasticity. 

Researches on the plastic deformation 


have been in lower stage, remaining a vast 
room for future developments and we can find 
no proper theory applicable to the soil me- 
chanics. 

In this paper, author presents a hypo- 
thetical theory of plastic deformation and 
breakage of soil mass based on a assumption 
that the deformation and breakage have close 
relations to the volume of strain energy stor- 
ed in the soil mass. 

A series of results including those of 
elastic theory as a special case were obtain- 
ed under the conditions that the elastic re- 
lations between stresses and strains can ex- 
ist only when the stresses change in infinite- 




aimal si&all amounts and that the both coeffi* 
cleats have a linear proportion to the strain 
energy which Increases under con^resslve 
stresses, hut decreases under tensile or 
sheairlng stresses. 

ITew rigorous formulae of strain energy' 
and both coefficients were derived as func* 
tlons of mean normal and mean shearing stres- 
ses. Also the fundamental equations between 
stresses and strains beyond the elastic limit 
and a condition of breakage obtained. Applying 
these relations to some fundamental cases of 
such stress conditions as pure shear, al]iq>le 
nomal stress, and equal stresses in two- or 
three- dlmentlonal problems, the stress-strain 
relations and the values of stresses and 
strains at breakage were determined. 

ifhose relations and values can esqplain 
properly the well known tendencies of es^erl- 
mental results and can solve some important 
problems in the strength of materials. 

Finally the envelopes of Mohr's circles 
were determined under such stress conditions 
as plane stresses, plane strains, and triax- 
ial symmetrical stresses. 

II. CONPITIOMS ASSUMED ASD FUHDAMFMTAL HELAT- 
lOMS OBTAINED. 

As the elastic theory is reasonable when 
the change of stress remains in a small amount, 
we can ei^ress the relations between stresses 
and strains at a point in a soil mass exerted 
by external forces as follows. 

[do^-pfdo^+d o;)] ^ E 
[do;-P(da-.+ do;;|/E (i) 

d£.= [do:-y(da;*d<rj|/E 

where « three principal stresses 

. three principal strains. 

E » modulus of elasticity. 

V a Poisson's ratio. 

Using the designations 

r v-_i_ 

4(1. " t-Zl> 

we can transform (1) into 

(dTj-dT^)y/26 + (dflf + d(j; + do^)/3 V 


(dx^- dTj)yi G + (d<^+ d<ij+dcj)/3 V 


dSj- (d'i^-d‘5)/f C + (da;4- d<^+ d(^ )/3 V (3) 

where ■ three principal shearing 

stresses, namely 

The change of strain energy due to these 
small changes of stresses can be determined by 

dX^dXg+dXy (A) 


”1 * X*’ 


cr. * a: 4-cz 


( 5 ) 


^ and CL are to be called the mean mbeazing 
stress tod the mean normal stress respsctiv^x 
From the equations (3) and (4}| we can 
know that each principal strain and the strain 
energy can be divided into two parts, one due 
to the change in form by shearing stresses, the 
other due to the cange in volume by normal 
stresses. 

If both coefficients G and V are taken as 
constants in the case of elasticity, we obtain 
the strain energy from (4) expressed by 


x=x,+x, « 

IjL * 15L 

(6) 

Let T„ ■ 0 in (6), we get 

0. V. 

3o;* 


X * 

V. 

(7) 


The strain energy changes, as well known, in 
proportion to the square of the mean normal 
stress when no shearing stress is existing. 

Author assumed that both coefficients G 
and V have no constant values, but vary in 
linear proportion to the strain energy stored 
in the soil mass. Then taking g and v as con- 
stants, we have 


G-gX, V.vX (8) 

Assuming that the strain energy can be 
stored only by compressive stresses but con- 
sumed by tensile and shearing stresses, and 
taking a compressive stress as positive and 
a tensile one as negative, we can express the 
change of strain energy in the soil mass by 

dX-dX^-dXg (9) 

in which 3d(o-;) _ _ 3d(r:) 

'' V ’ G 

By integration of (9) introducing (8), we have 


X= y3(aiyv-i;yg)' 


I^t V«Vq when 1^.0 and <ir as initial condition 
and taking G-^^, we get 

v = J34Z9ilL 3 -,.... U/<rJ ( 10 ) 

^ 3 


Hence we can express the strain energy by 

Let i;;*0 in (11), we have 
X- 


3 O' <r 


( 11 ) 


( 12 ) 


We know from (12) that the strain energy is 
proportional to the mean normal stress in this 
plastic theory, but not to the square of it in 
the case of elastic theory. Those expressions 
of strain energy by (11) and (12) may be more 
natural and rigorous than those in elastic 
theory. 

Putting CIO) and (11) in (8), we can ex- 
press the both coefficients as factions of 
mean normal and mean shearing stresses t 


(13) 


3d(T.*) _ 3d<o-;) 

a ’ V in which 


The three principal strains in this ease 
can be expressed by (3) introducing the values 
of V and G from (13) as follows. 


where 



= d + d(<j +(5 +c5)/3V 


d^- d - 'r,)/2/V + d((i; +q +(r,)/ 3V 


de.- d(T,- Ty2;i*V+ dfor +0; tcj/sv 
ig relations ar 

aIE. xIEEL 

vv VdCi+w 


(14) 


tbs following relations are derived referlng 

to (2) _ 

/3(l-2>'; 


^ 6VG 

3V+2G 3+2/ 

3V-4G 3-4JH* 

‘’‘if3V+2G) ° 2(3+2/) ^^5) 

(1^) we }uiow that ^ Is a constant which 
represents a ratio of a resistance in form 
change due to the shearing stresses to that in 
volume change due to ^he normal stresses and 
Its value changes from zero to'^/Z (0.866)wlt4i 
the value of Poisson's ratio (Fig.l). 



-Relation between the new constant |a and Poisson 
ratio V, 


FIG.1 


s 


At the breakage of a soil massi the strain 
energy reduces to zero. 


Then taking X«0 in (1X}| we obtain the follow- 
ing relation as a condition ^f breakage 

(16) 

From (16) we know that /t is also a ratio of 
mean shearing stress to the mean noroal stress 
which Is to be held at the breaking point. 

Under some fundamental conditions of 
stress or strain, we can easily determine the 
stress^strain relations from the integration 
of (14) and the stresses and strains at break- 
age from (16). 


III. STR^S-STRAIM BgLATiQNS AMD THB VALUES OP 
STRESSES AUD STRAINS AT BT^RAKAGE mBSR 
SOME FUNDAMENTAL CONDITIONS OF STRESS OR 
STRAIN . 

It may be assumed that a soil body has a 
bulk modulus Vq, holding its shape under a 
hydrostatic pressure 6 q as an Initial conditLon. 

The following cases were studied. 

A* Two-dimensional problemsC plane stresses or 
plane strains). 

1. Pure shear. 

2. Simple normal stress in plane strains. 

3> Equal normal stresses in plane stresses. 
4. Equal normal stresses in plane strains, 

B. Three-dimensional problems. 

1, Pure shear 

2. Simple normal stress. 

3« CondOXldatlon with no permission of latec*- 
al flow, 

4. Equal normal stresses ^.hydrostatic pres- 
sure ) . 

A. Two-dimensional problems. 

1. Pure shear. 

Denote the stress and the strain by ex- 
ternal forces only by the letters 5 and fi 


Let . and ^ . then we 

get from (5) 

<r-<r ? or - oc <r 

and V V • T 


ai-ar <r 

•- . T.«-^ 

2 Z ' Z 




T/4 T? _ -/ o 
hence ^ ^ <r/ Z 

Putting these values In (I3), we get 






d 


hence from (14) 
de -dej«-d«^** 

d^= 0 

Integrating and taking 5-0 when ,we get 
the stress-strain relation expressed by 


vv vv.yi-%^ 

>0 when 
dn expressed 

H--—] 

fX (T. / 


(17) 


(18) 


If the change of stress remains in a small 
amount, the above relation becomes 

.3 Afl* 

A e ; • 

The coefficient of taixgent at the zero point 
of stress-strain curve is equal to 
4ij^ 

(19) 

A 6 w 

At the breakage of soil mass, the stress 
and strain can be obtained putting the values 
of O’, andT, in (16) as follows. 
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T - 3>r 

2. Siople normal stress in plane strains. 

In the case of plane strains, ds^»0 Since 
we get 8 stress condition from (14); 

Ihen let # ^*<5 we have the fol- 

lowing relations similarly as before. 

e.1 y 

^oj V2(9-6;ui*+16;i'‘/ L V9 + U/i*+16^ 

-sin-‘L=i^==, / ill 

lV9+n/i*+16y Z^^(3+2y}V9*I2jf*t6^^Jj 
. 3-4^ . C22) 

^ 3 + 8/1* * 

. 3 f3 + 8 /!*) a ^ 

*®‘*8/i*(3 + 2/i*) 

^ - 8m^(3*Zj.‘) ^ 

3(S+8/i*J • (23) 

At the breakage 

a; ^yi/iO + Z/i*} 

<r. (t -3 V?;i) 

f^d ,.(„n-*^!g4..-. 

3* Kqual normal stresses in plane stresses. 

In the case of plane stresses, 0i«0t 
Then let o'^«ct«<5+a we have 

- 3+au* Aff , 12ii* 

/i e £_ h , r__ V 

I2;4* 3 + 8/1* 

''-F w) 


cr, 2;iV5(3-8)i'J I V'J 2j 

. 3 or 3 

u*-- * €-i»-2 

a q; 4 <5 

uvl 


n 2 fiVzleyf-a) WT VF / 

4. JBqual nomal stresses in plane strains. 
Iiet we have 

I s. -^.r f rfZiiXiEiSiflf 

^ aV3-2;i« I IT 3*Zyf (3*1^ \^l 


^ V^(3-2/i»}' VJ 


3+2^* <5 V3-2/if 

9 A? 




2f3+2/i*) V. 

At the breakage 
O' 3 + 2u 


q; 3 +VS’/i 

. V. si/J 






oi 2^/nj? W7;i 

6. Three-dimensional problems, 

1. Pure shear. ^ 

Let r we obtain the 


stress-strain relation expressed by 
-X ^ j V3 ^ \ 

c-2— 8fn Y — ) 

vT/i yZ'i^fi (tJ 


At the breakage 

? 2 V?/jt 

O' ^ 


- V. '^'T 
£-i^ — -. - ■ 
<r, 2V(?^ 


2. Simple normal stress. 

let we get 


. V, 3 + 2u* r , 


rsln-^. 

. .S'Hti 

SlTl 1 

3-2/. ^11 

L 

Iv^ 

3l/&/r tjJJ 

3-4ii* 

. F ^ 

-r*€+ 

(34) 




/!.>£ ;e^._..^rr riJUui.%g±i.pf+ 

8 cf 2/iVa(S/i*.3) L I V 3 ({ tS/i* lo(/ 

? 2v!?ii 1 , / 2VTun 

3V^/i' q "W/i'-sJ "( 

At the breakage 
3 B 3yji^ 


• 6/1* V. 

. - 

A 3 ♦ 2 /»* 

At the breakage 

A._J>L_ 

or {i\/37I-/i) 


3 -4 11* Aff 


12/ V. 
ae, 3-4/ 


Z{3*Zfi‘) 


^ ff. /«V2 (3-2/1*; I 2 i 


cr. Z\/Ifi^ 


5. Consolidation with no permission of la- 
teral flow. 

Let d£;-d€;-0 , we get from C14) 

- , 3-4ii* ^ 

‘ ^ 3 + 8>i‘ 

- ^ .. 3-+8U* 

hence • '' r^'‘ (3 
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fJt.-JJL. 

* <5 ~ 




3+8^ or (3 





At the breakage 

3 £ au*+3 

^1^ • _IL s c, 

8 ’ V5(2V?^-\0!) 





f -1 V^ 

- {sin — rir- 

l ; 2 ^;a 


C59) 



4 . Squal etreeeea (hydrostatic preeeure)* 
Let ^ we get 


a. 1,1 
% ' 

O’.' 

(40) 

£ 

. K-V. 

(41) 

n e -n — 

M 

At the breakage % 

V 



, e—^-oo 

(42) 


O'. 



The stress-strain curves are shown in 
Pig. 2(a), (b), and (c) for the case of ^ 

0.3, 0.5, and 0.7 (or P -0.415, 0.286, and 
0 . 131 ). The effects of >i on the values of 
the initial coefficient of tangent k and on 
the values of stress £ or strain « at the 
breakage are shown in Pigs. 5 end 4(a),(b). 

It is a well known fact that the brit- 
tle aaterials with lower Poisson’s ratio 
have hi^er ratios of shearing and com- 
pressive strengths to tensile strength, ^d 
on the contrary, the ductile materials with 
hi^er Poisson’s ratio have lower ratios of 
those strengths. We can know that the new 
theory shows similar tendencies, if the cor- 
respondences of the lower values of Poisson s 
ratio P to the higher values of the new con- 
stant /I are taken into consideration. 


lY. EanrJSICPfiS QP MQHH’S CIROLESj. 

We can determine the envelopes of itohrfe 
circles from the condition of breakage under 
such 8 t 3 ress conditions as plane stresses, 
plane strains, end triaxial symmetrical 
stresses. Mohr*s circle may be expressed by 


F« -0 (^5) 

where 9 nomal etreee. r tangential stress. 

The envelope of J? can he dete^ned 
from the result of its partial 
ion hy a or hy »+* putting in / a wiaj 
ion between 9, aai <5 obtained from the condit- 
ion of breakage. 


I. Plane stresses. 

In the case of plane stresses, 


(a) 



(b) 




FIG.2 


V? 

hence putting these values in the condition 
of breakage we get 





K/Vfc 
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R4 



M 


Effects of ^ on the initial coefficient of 
tan^nt k. 

FIG.3 


(a) (b) 



Effects of ^ on the stresses and strains at 
breakage* 

FIG.4 


Putting this Talue In F and dlfferenciatlng it 
partially iiy»,+ai wa hair# 3/3y 4 . 4 u‘o:) 

^ * 2(3.Zjj.’) 

Substituting this relation in F, we obtain the 
equation of its envelope expressed 

In this case I we obtain 

3 3 

ellipses when parabola idien * 

a a 


hyperbolas and if o;«0^ straight lines when 
2. Plane strains# 

In the case of plane strains, di^«0 Then 


2(3*2fi‘) '■ ‘ 


<r.+- 


+ 2u4 ' * •' 2 


8(3-^Z^^) 


Similarly as before, from the condition of 
breakage, we get 

9'6ii*+16u* 6 m* 

Putting this value in F and differentiating it 
partially by 5*^ + ^, » we get 

* ^ 9-6;i^+16^* \ 3 + j^^* / 

Hence the equation of envelope is expressed by 

f‘- — ^ f3(3-2u‘)^V6(3+2u*)<r5 +(9+t2U*+1^<^ 

9-6/^16;iU 

In this case, we obtain hyperbolas and if 
straight lines. 

3* Triaxial symmetrical stresses* 

In the case of triaxial symmetrical stres- 
ses , 0 ^+ 3 ^ 

Then 

2 0=^3 

T,= ±(V ?)/« 

From the condition of ^ breakage , we get 

ff ^-^.{3 l€;i (T. +( 2 VSr ± 3) ?,} 

^ (ta-vF)!)*- 

flatting this value In F and differentiating it 
partically by ^ 

»® ,_ (^6 »ys» j-aygyic; 

^ +41®^ 

_ (i 6 

^ (±6-2»!^ 

Hence the equation of envelope is stressed by 
* S^u _ - 

^ V5(*3-€)4)(+3+2V5;^ ('*6) 

In this case, we obtain strai^t lines «*v^ 
we can determine the values of cohesion ^nA of 
coefficient of internal friction as follows# 


V) I « 
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3 ^^ 

^*" ^"Vi(±3-»^(±3+ilB)i) 

The envelopes are shown In Fig. 5 (a), (b), 


where « constants given by the initial 

condition. 


o;;t'^«mean normal and mean shearing stress 

a constant ratio determined by Poisson^ 
ratio refered to C 15)4 






Mi*») 



iSnvelopes of iViOhr's circles. 

FIG. 5 


and (c) for the case of m * 0*3i 0*5» 0*7 

(or / • 0.415, 0.286, and 0.131)* 

V. SUMMARY . 

1. Assumptions are: 

a* The equations of elastic deformations can te 
applied only when the changes of stresses 
remain in small amounts. 

b. The two coefficients existing between stress 
and strain (one of form change by shearing 

stresses, the other of volume change by normal 
stresses) are both in proportion to the strain 
energy stored in a soil mass. 

c. The strain energy in a soil mass may be 
stored by compressive stresses, but con- 
sumed by tensile or shearing stresses. 

2. The fundamental relations obtained from tie 
above assumptions are : 

a. The strain energy can be expressed by CH): 


We can know that in this new theory the strain 
energy in a soil mass is proportional to the 
mean normal stress when no shearing stress 
appears, which is more natural and rigorous 
relation that that proportional to the square 
of it in the elastic theory. 

b. Both coefficients can be expressed by C13) 
as functions of the mean normal and mean 

shearing stresses and there exists a proport- 
ionality between them: 

c. Introducing the values of G and V in (3)i 
we can determine the fundamental equations 

expressed by (14), ^ich represent the relat- 
ions between stresses and strains in a plastic 
material. 

d. At the breakage of a soil mass, under a 
condition that the strain ener^ reduces 

to zero, we obtain a condition of breakage 
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e^ressed X>j (16)x 

fxoa idxich we can derive the atresaes and 
atrains at bre^age under dose fundamental 
conditlona of atreaaea or atralna* 

Under some fundamental conditloxiB of strea- 
sea or strains, such as pure shear, simple 
normal stress and equal normal stresses etc* 

In two- and three-dlmentional problems, the 
stress-strain relations were determined end 
the obtained results showed: 
a* They can empress quite well the tendencies 
of the well known experimental results, 
b. Elasticity can be applied to the new theoiy 
as its special case when the changes of 
stresses in a soil mass remain in small amounts 
compared with the initially existed stress a; 
e. The effects of the new constant or Pois- 
son’s ratio on the deformations under 
different loading conditions can be clearly 


explained. 

d. The stresses and strains at breakage in the 
case of pure shear, aii^le normal stress or 
equal stresses can be determined. We can know 
the effects of a new constant >i on the stres- 
ses or strains at breakagSi the tendencies of 
which coincide with those of the well known 
experimental results. 

The relatiox^s between the breaking 
strengths under different loading conditions, 
such as single ooapresslon or tension test, 
shear test and triaxial loading test can be ex- 
plained. 

4. Under such stress conditions as plane stres- 
ses, plane strains, and triaxLal symmetrical 
stresses, the envelopes of Mohr's circles were 
determined. They are not always stralgiht lines, 
but are ellipses, parabolas, or hyperbolas in 
accordance with the values of /(. u^er the dif- 
ferent stress conditions. 


— 0—0 —O —O— 0—^0— 
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OH THE BEAHIKG OAPACITT OF EELES 
Prof# Dr. J62sef. JAKT 


The bearing capacity of piles consists of 
two parts: wlnt resistance and akin friction . 
It is an old problem of* Science of jfoondatioM 
to compute both numerically. The point resis- 
tance is essentially the bearing capacity of a 
shallow pier founded at very great depth, the 
skin friction is produced by earth pressure 
acting on the surface of the pile. Several at- 
tempts have been made to compute thy>retlcally 
the bearing capacity of piles 1), 2), but no 
one is used generally, because they give too 
low values in view of point resistance, con- 
siderably lower than gained by pile load tests. 

The aim of this pe5>er is to find a formu- 
la giving point resistance and skin friction 
value In accordance wlt^ the reality- Is 
intended to deal with the bearing capacity of 
Individual piles only. 

Sliding surfaces in cohesive soil at in- 
stant of failure beneath the base of footings 
in depth h are - according to theory of 
Prandtl-Cfaquot - composed of planes and log- 
arithmic spirals (Fig. 1). If the base lies at 
depth h, slldibg is on both sides hindered by 
load pT ■ bY and the pressure producing fail- 
ure ’ / j, \ c x 

=(h y. c cot <>’) tg ' [^5% - c cot ^ (1) 

Point resistemce beneath the pile with 
cross section At 

p, = A i(hY*tcot.^)tg‘(^5%-]e’'^9r'»-ccot(>j^3^j 

On the surface of the pile in state of 
rest earth pressure at rest Is acting, its 
value for cohesive soil: 

LI k.-hK, (2) 

1 

herein k^ and k^ are coefficients of earth 
pressure at rest 4). 

Let the perimeter of the pile be musI to 
n, the coefficient of skin friction tgO L the 
bearing capacity pfoducad by skin friction: 



P,= atofb^-J^ko-hk,] 
and the total bearing capacity: 


*-Utg6^-!^ko-hk,^ 


(3) 


£q* (3) is plotted on Fig. 2. taking 
angle of friction - 35® for sand, 4 • lO** 
for clay, pile len^hs up to h « 10 m. In tiie 
s^^e figure are plotted results obtained from 
Dorr’s formula: / . A \ h*T . .i\ 

p = Ahgtg>U5-*-|J^U-^tgb(vtg*4]^^^ 

From this comparison it may be stated that 
Dorr’s formula 
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FIG.2 

1) generally gives too low bearing capacities , 

2) ^e^m^ capacitiea in sang or ciay scarcely 
dlif e:iM)u^ ^nis f ac^ contradicts practical 

obaer^tlon * The sbiort coming oi d8rr*a ronadla 
originates f irom computing erroneously the 
point resistance (first term in Bq.. (4) ) and 
from determining the pressure of the soil on 
the shin by means of the theory of the passive 
earth pressure (second term) al tough the smal- 
ler earth pressure at rest wDuld have to be 
considered. 

Altou^ results given by Eq. 5. are closer 
to reality, they give still lower values than 
observed by load tests. This fact may be ex- 
plained as follows: 

The point of the pile is on all sides sur- 
rounded with soil, therefore, there is xu> ob- 
stacle i^atever to the sliding surface bel^ 
developed right up the surface of the pile as 
shown on Pig. 3* 

This state of stress has been investigat- 
ed by the author as early as in 1943 - general- 
izing Prandtl''a theory and neglecting the 
weight of soil « 0. He named this combined 
state of stress as ” cl ef t -r eaistanc e” and deduc- 
ed its value to be r 7 A \ 1 

p,= cco?^[tg‘ 1^5^ 

This value exceeds importantly Prandtl* s 
reslst^ce to punching ("Schneidefestig^eit”) 
chafactefizea by Bq. Cl) and gives for large 
angles of internal friction many times as much 
as Eq.(l). pp values for different angles of 
internal friction are shown on Table I. 



TABLE I 


Angle of Internal 
friction 

1 

0° 

o 

o 

1— ( 

20° 

25^^ 

30° 

35° 

40^ 

45° 

Coefficient k 

0 

18.6 

52.6 

97.0 

W.o 

423.0 

1063 

3122 


The value of point resistance for cross- 
section A: f / . 4 \ 1 

?,= Accot^| J (5,^) 

The dimensions of the bearing bulb devel- 
oped around the point of the pile may be easi- 
ly determined, the most important of them are: 






( 6 ) 


B: 


fi . 


L cos(-4S*> ^ 

) i 


( 8 ) 




The quite different shape of bulbs devel- 
oped In sand ( 4^ ■ 35® X clay ( 4> ■ 10®) is 
shown on Pig. 4. Ohere is a mass of bulb in 
sand 25 times as large as in clay and that 
is roughly the relation between the bearing 
capacities, too. 

The depth to idiich the pile has to be 
driven in order to develop a complete bearing 
bulb iss / A \ 1 . 1 
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condi^tlon s&t/lsfldd by shorb pllos toOi b6CfiU86| 

for instance: DYeyl^K^^ ^ 1 r rv. 

<(> - 55“ and D - 50 cm 9^1^^ *-i-; ® ^-5.20nn. 

that is the bearing bulb Is developed in the 
case of individual piles by lengths; h > 5 nn 


«hich is valid up to the aoaent utoen 
Vccot4[t5*(45viJe"‘?+-l] ^ 

s A ji^hY+c cot^j 

Usance the other boundary deptht 

hz^ I (10) 

For Instance: ^ - >5® and c • 2 t/n^, -y- 2 t/s? 
hg « 11.50 m. 

Results by pile length between lialts 
characterised by Sq* (9) and (10) the point 
resistance does not d^end on the depw and is 
a constant given by £q. (5 &)t if h>h 2 point 
resistance Increases with increasing depths its 
value is given hy Bq. (1 a)« So piling is eco- 
noalcaX beyond h > h^ onlyi on the other hand| 
it is superfluous to drive piles deeper than 
h - h^, supposing homogeneous soil strata* 

Numerical example * 

a; Physical properties of soft clay s 4 ■ 10®, 
c - 5 t/m2, “Y - 2 t/m3 ; diameter of piles 
D . 30 cm. 

The limit depths: h « 0.62 m, h « 6*30 m« 
Point resistance of a pile h « 3*0 m long : 

P2 ■ ^ 

b) Dense sand soil: ^ - 35^. Danse sand has a 
certain cohesion, according to test results; 



0 5 10 15 20 25 

Length of Pile h (m) 

FIG. 5 
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c - 0*1 • 0*2 kg/ca2 
TflJclng' C - 2 t/iP T • 1.8 
and h2 (D • 30 c«; * hi ■ 

If h « 10.0 St Eq. (5 

Taking a safety factor n « 3, the allowable 
point resistances Pt 20 t vrtxlch rmains con- 

stant up to h 2 ■ 12.70 Df beyond that the point 
resistance Increases linearly as shown onFlg.3. 

The width of the bulb s B - 3,72 a, thus, 
the distance of the piles must be B « 3,72 a, 
otherwise the sliding surfaces intersect each 
other and the surfaces of shear would be in- 
sufficient. 

In the case of pile group the axigle be- 
tween the surfaces of sliding joined symmetric- 
ally is to be ezaainated and - based on that - 
the new state of stress revealed. Without deal- 
ing with this question, it may be stated that 
the bearing capacity or the pile placed in a 


8j«jq?jrtiere the distance between thems d<B 
will be considerably smaller and the question 
nay be justified irtiether the piling with small 
distances be economical. 

The aut^r e3q>reas his thanks to A* KAsdi 
and £. Szilvagyi for helping and willing assist- 
ance in preparing the figures. 
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t/m^, the depths hi 
5.20 a,h 2 -12.70 a. 

a) : Po - 62 t. 
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SUB-SECTION I ( 

EARTH PRESSUBE 

PRESSURE IN SILOS 
Prof. Dr. J. JAKX 


The so-called classical theory 1) to 
compute pressures exerted by granular mafceriaL 
stored in silos is erroneous from the point 
of view of Statics, because it supposes the 
angle of friction between the wall and the 
granular material to be a constant. Since the 
conditions of equilibrium are eicpressed for 
an elementary slice having infinitely small 
height but finite width, stresses <Ti , and 
T acting in an arbitrary point of vhe mass 
and their distribution cannot be determined, 
from which it follows that the obtained for- 
mulae are not In accordance with the dimens- 
ions of the silo. The aim of this paper is to 
give an approximate solution which is correct 
from point of view of Statics and takes the 
influence of dimensions -diameter of silo- on 
pressure correctly into account. The variation 
of pressures during storing time is not dealt 
with, nor are pressure problems of emptying 
and filling treated. 2; 

I. BASIC ASSUMPTIONS. 

The problem of pressure in silos is es- 
sentially that of earth pressure of cohesion- 
less materials, which might be solved by 
means of the classical eanth pressure theory 
If we could make a plausible assumption on 
the shape of the surface of sliding. For want 
of it, the solution is obtained by making use 
of empirical curves gained by measurements in 
silos. 3) 

Considering a silo of 2b width, bounded 
by peirallel vertical walls it is certain that 
a wall of AC • y^ hight represents that limit 
down to which the classical earth pressure is 


acting, (Fig. 1) since the surfaces of si id- 



ling Cpleiies + curves) still run out to super- 
ficies AB free from external load, the so- 
called silo effect is produced solely in 
depths y>y^. 

Assuming approximately the surfaces of 
sliding joining to AO as logarithmic spirals, 
the depth yQ may be computed as 



(0 


1<A 


Between the angles v - 25 > 30 ° its Tslae is 
obtained for jo - (2.4 - 2.7) b, bat this is 
an e^prozliiate ralue onl^t an accurata one 
will be fumiabed later* 

According to the classical earth pres* 
sure theory the stresses including X acting 
along the wall are linear with depth jt that 
is in the range of 7 ^ 7 o the diagram of (T* ) 
becomes a triangle. 

She normal stresses acting on the ele* 
mentary prism are 0 ^ and the shearing 
stress Xt from the condition of equilibrium 
of the vertical forces (Fig. 2) we obtain 




RG.2 


(2) 


Ackj;j Pdij = dij Jf A 

wherein A « cross sectional area, P ■ peri- 
metre p 

Hence — i +t. — = 1 

dij ’a 

If the lav of 0} is known from empirical 

do; 

curves, that is tKO<«--- — may be measiired off 

- A 

the stress diagram: t',=(y-tqof)— (3) 

•n Introducing this value into equation 
A=— we obtain the value of wall friction: 


<r» 


^ ^ 'P Ci 




Also the coefficient of earth pressure 
at rest may be ooi^uted: (5) 

Fig. 3 shows the revision of Jaod.68on'8 
4) azid Pleissner^s 5) tests selected from 
some silo tests* The stored material is in 
both cases idlest in a grain bin depth h * 20 
and 13 m and. the cross section A « 3.66 x 
4.12 m in the first case and A « 1.57 x 1.57m 
in the second* Both of them were wainscoted* 

1) It is evident from Fig* 3 that curve (r) 



FIG. 3 

consists of two sections, the upper (X) is 
a slanting straight line, the section (11) a 
nearly vesical curve. 

2) It may he stated that the coefficient of 
earth pressure at rest considered along 

the wall is variable, but it remains approx- 
imately constant in the second section, its 
value' depends on the width of the bin, there- 
fore it is not only a physical, but also a 
geometrical function. 

3) Wall friction increases in small depths 
approximately linearly axid after reaching 

a maximum, assymptotically tends to a con- 
stant value. It generally shows the shape of 
shearing strain curve of dense granular ma- 
terials (Fig. 4) axid is the same if we put 



FIG.4 
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y instead of deforaationnh. This^is reason- 
able because deforoation dO=U“ due 

to settling is proportional to y* ^ 

The aaxinal value of wall friction as 
plotted on Fig* 3 le produced in the first 
section and this is evidently the angle of 
internal friction of the granular material^ 
because it is a well hnown phenomenon empty- 
ing the silos that the material adheres to 
the wall: sliding occurs first in the inte- 
rior of the ^anular material » wall friction 
starts to act later. 

4 ) In the lower part wall friction Ao Is 
constant and does not depend on pressure. 


II. iqriTLTTOTUM OF THB SLEaiEJHTARY PRISM . 

1) |My^iay^pn_ofjbhe_upper_section^ 

To construct a suitable T function let us 
consider that in the symmetry axis x - 0 and 
in height y ■ 0 , T must be zero, besides thal^ 
according to test results, tT)izicreases with y 
linearly, therefore the simpliest fonn for r 
Is: T=axiJ (51 

Substituting into Cauchy's equations of 
equilibrium: dr ^ 

dij dx 


doc 5 t ^ 
-21+ — = 0 

dx dtj 


( 6 ) 


wherein the specific weight ^ of the granular 
material is considered as constant, the com- 
pression caused by the proper weight of the 
mass being insignificant and If practically 
remains Invariable • 

Solving the differential equations we 
set o;j=UV-|'/ (7) 

that is CTj is uniformly distributed in the ho- 
rizontal cross 0 - _ ( 8 ) 

In the axis x » 0 and Oi - F(y); since 
there is a pure compression in this vertical 
line, the state of stress is characterized by 


therefore 


and so 




(9) 

( 10 ) 

With respect to Eq. (7) and (10) both 
stresses Oj) and Qi follow a parabolic law 
and the coefficient of pressure at rest along 






urT'J^ 


is not a constant but increases with depth as 
shown on Pig, 3> 

2) Law of wall friction . 

The (A) diagrams given on Pig. 5* consist of 
a parabolic and a vertical portion* Assuming 
now, that the shape of the {A) diagram is as 
shown on Pig* 5. , that is the curve has in 
point (y ■ yo) ? & vertical tangent, A = X6 
is equal to wall friction. This assumption is 
reasonable, because the shearing - resistance 
curve of loose granular material is like that; 
the bellshaped form of (A) curve as shown on 
Pig. 5 is due to non-uniform distribution of 
(T In the horizontal cross section. 

In the upper portion the coefficient of 
wall friction 


02 ) 


its diffe rent ialquot lent with respect to y: 


HA BE 



dA 


=:abr 






03) 




cJ»J (kaYU-^'J^^f 
In point P where A * max 
b 

If the coefficient of friction is at 
this point A* A© , substituting the value 
under Eq. (14) in £q. (12) we obtain (^ 5 ) 


{(4) 


a= Ax 




The coefficient of stress T depends not 
only on the physical properties of the gra- 
nular material, but also on the distance of 
silo walls, 

3) State of stress in the lower section. 

This section is characterized by a constBcfc 
wall friction coefficient (Pig. 5)« Assuming 
now, in accordance to the upper section that 
the vertical stress cr,j is uniformly distri- 
buted over the cross section: 

(w) 

Prom the first equation under ( 6 ) 
dx 

that is T=(y-f')x +F6 j) 

Since x « 0 is a symmetry axis along which 
T « 0, P (y) ■ 0 and we obtain: 




(' 7 ) 


The shearing stress is distributed linearly 
over the horizontal cross section; on the 
wall: T,= (l(-f> 

The horizontal normal stress from second 
equation under ( 6 ): 

cr = f - 0®) 

* 2 

In the symmetry axis we have pure com- 
pression, therefore: 2 

Laws of stress in -the upper and lower 
sections Join each othe'' with mathematical 
precision, because it follows from comparing 
jfiq. (5) and ( 7 ) that at the houndaiy y - y© 
the shearing stress is Linear with respect 
to X and according to £q« ( 8 ) and (18) 
consists of two terms, one constant, the 
other proportional to x 2 ^ 


4) Differential equation of aolution * 
Along the wall: (Y-f')b 


( 20 ) 
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from which : . b . , k>)( 

T (20 

this is the fundamentaX equation of the silo 
problem. 

To solve the non-honogeneous different- 
ial equation of second order let us take . 

bv 2 ‘ t 

y-^=z and*, obtain z"+— z'+2^z=0 
A© %r 

characteristic equation pf the latter is 

bAo ^ 
the roots of which; 




(22a) 


Using symbols 




the solution of ifiq.(22); 

2=C,e"^^ + 


+J?L 


(22b) 


(23) 




ko 


Aok, 


respectively. 
T 


\ ko b k„ b / 

(25) 

The above equations give the stresses In 
any point of the mass in the silo. To propor- 
tion the silo -walls we are interested only in 
stresses acting along the wall, i^e obtain 
these by substituting x » b into iiq»23 - 25- 
At the same time we pass from plane to spa- 
cial state of stress by substituting 

1 = 1 (26) 

V ^ ^ 

hence 

'J* k, tCo p A,k. 


' '\ 2k,l *l Zk.1 Pki 


( 27 ) 


V” 


sane, therefore ^ , C C, blf (2«) 

sijY — jrs — e — e + — 

2 ^ k. ko A,lc. 

so o; and r will be the same, too. 

Junction without break requires the 

coincidence of tangents I — 




y*y. 


that is "TT® “TTT* 
k. b k, b 

^rom £q. (28) and (29) we obtain 


' ° Mi-M* 

2 O 

u A 

herein: »= — 


(30) 


III. fllYSXCAL PBOPKRTIiiiS OF GRANULAR . 

MATiiaiALS . 

we sum up below the test results car-^ 
Tied out in the Laboratory for Soil Mechanics 
Technical University Budapest by Assist. £. 
Szllvagyi* He determined the angle of wall 
friction of various agricultural products 
by means of Casagrande’s shearing apparatus 
and of natural slope 6). The following co- 
lumn of the table gives the values of the 
coefficient of earth pressure at rest, com- 
puted by the author’s formula 7) 

sin 4 (31) 

Coefficients of wall friction are de- 
termined in the same w^ putting in brick, 
concrete and wood filling. It is to be men- 
tioned that the angle of wall friction is 
always smaller than the angle of internal 
friction. The last coramn gives specific 
weight. 


NUMERICAL EXAMPLE . 
Jamieson’s test. 


3.66 X 4.12 > 
2(3*66+4. 12)» 


15.1 

15.6 m 


t/m3, the coefficient of wall friction in 


A/i? ^ 1.0 m 

The angle of internal friction of wheat: 

27^ ko - 1 - sin 270 - 0.55, y -0.78 
^ficient of wall fri 

0.44, the 
= 1,35 m 


silo wainscoated with boards A^ 
boundary depth; _ b 1,00 

From £q. (15). 

0.g5x0.78 
t,0((+0.^4\/Q55) 

Pressures in section I. from £q.(7) and (10): 


=0.142 t/m^ 


<r t/m = OJfiij-O.oyi ij* 



Ci "xMaU 
— >i e 

k. 


The formulae are valid in the second 
section that is in depths. y>yQ for an ar- 
bitrary silo having symmetry axis. 

It pertains to completes solution to de- 
termine the constants Ox and Cp* Two neces- 
sary equations hereto are fuxmshed by the 
colndidence without break of the stresses in 
depth y » y^. On the surface CD the values 
of o;j according to £q.(7) and (23) are the 


<r^ t/m^=Q43ij-0,039i/-0.071 

In section II. from iSq. (30) the constants 
and the equations of pressures aloiig the 

wall: C^=-2.12 

0|| V^m*=-3,88e'^'‘^'^-3,09e'°'^^'^ +3,16 
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Kind Of 
■atwlal 

Angle of internal 
friction # 
determined by 

^0 

1 * sin^ 

Angle of wall friction ^ on 

Specific weight 

t/.5 

concrete 

brick 

wood 

shearing 

test 

natural 

slope 

Wheat 

30‘’30' 


0.493-0.5^ 




0.75 - 0.85 

Eye 

29® O' 

24®30' 

0.516-0.595 

25 ® 10 ' 

26®30' 


0.72 - 0.82 

Barley 

32°50' 

30®55' 

0.463-0.487 

28®40' 

26®30' 

25®40' 

0.69 - 0.74 

Oats 

33® O' 

29®30' 

0.455-0.506 

b 

cu 

27®50' 

25®40' 

0.48 - 0.56 

Corn 

36® Oi 

31?40' 

0.412-0.475 

27®50' 

27°50' 

25°05' 

0.70 - 0.78 

Bean 

33®20' 

26®30' 

0 . 450 - 0.544 

27®50' 

26°30' 

24®45' 

0.85 - 0.88 

Pea 

33®50' 

30®20' 

0.443-0.495 

26®40' 

26®40' 

24®10' 

0.70 - 0.80 



FIG. 6 


r, +0,76 

We plotted the curves representia,g pres- 


sures aloag the wall In Fig* 6 Points indi- 
cated with small circles give the tests re- 
sults, the coincidence is very good. It is 
to be mentioned, that the difference of 7% 
in the values of is due to the fact,th^ 
the distribution of on the cross section 
is not uniform, it is smaller along the wall 
than in the middle. 

In practical calculations the first term 
la fiq, (27) can be neglected with respect to 
the second, because it is approximately ec^ual 
to zero. 

The author wishes to express his thanks 
to A.Kezdi and F. Szilvdgyi for working out 
the numerical example and for the arrange- 
ment of the manuscript. 
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CALCULATION OF SHEET PII£ WALLS IN COHBSIYB SOIL 

Ur.sc.tecbn. IbTF. KOLLBRUNKSRi Civil Bxigineer 
Z-urich 


I. INTROUUCTIOH , 

In practice the sheet pile walls are 
mostly calculated hy the method of Krey 1) 
(linear distribution of stresses) or by the 
perabolic-aethod built up by 0, Hohr on basis 
of tests executed by Engels ^ 2) 

For the calculation of sheet pile walls in 
cohesive soil the cohesion la considered ac- 
cording to Jacoby 3) iu such a way that the 
surface of the earth (fig. 1) for the active 



Ap. 2 tg(4S-^) 



a. 6 

Distribution of the active earth pressure without 
and with cohesion. 


FIG.lab 


a a e 




Distribution of the active earth pressure with 
charge p without and with cohesion. 

FIG.1 cd 

earth pressure is reduced by 

With the average value of the cohesion 



w 


U) 


Hereby is the meaning of; 

t : unit weight of the soil 
p : angle of internal friction 
Deducting from the classical triangle of 
earth pressure of fig. 1 a the earth pres- 
sure reduced by the cohesion (rectangle with 


the width Ap and the height h), whereby 

Ap = 2C„tq(45‘’-|j ^3) 

we receive fig. 1 b . In the triangle ade of 
fig. 1 b a negative earth pressure Is produc- 
ed (tension), which can only be taken up as 
long as there is a possibility of adherence 
between the soil and the sheet piles. As 
this is not the case with steel sheet piles 
the cleft will enlarge itself continually 
until the entire superior earth pressure 
will be equal to Zero, i.e. that the soil 
is standing free to the depth hv. If we 
reckon on the basis of the eertS pressure 
triangle del instead of the trapezoid of 
earth pressure fgei we have to take into ac- 
count a bigger active earth pressure. By re- 
ducing the surface of the earth by hj[ accord- 
1 we obtain therefore an addit- 
ional security. 

for the passive earth pressure J acoby is in- 
creasing the earth surface by the same value 
hj , fhis hypothesis seems to be quite con- 
vincing at the first look, but it must be 
pointed out that for bigger angles and ex- 
acter calculations it cannot be adopted. 4) 
According to fig. 2 and fig. 3 we obtains 


B c 



aE -V. cosp 

sin{9oV(^+p)| cos(a+p) 


Cm.H 


cosp 


005(90®' A) C 05 ( k+ p) 






C 06 p 


h 51 nk C05 (A+p1 


(4) 


( 5 ) 


The angle for the most dangerous surface of 
sliding on passive earth nressure is: 

C6) 

Therefore equation (5) is converted into: 


4Po = 


cos p 


^ sin (45®-%) cos (45®+%) 


(7) 


and after trigonoiaetrical transformations 


4Pp=2C„,tq(45»+|J 


C8) 
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Force polygon G - K - R - 
cb « £p (without coheBlon) 
db « £p (with cohesion) 


FIG.3 

Calculating Pk - APp according to Jacoby 

set Pt=)(hj:.lp=?hjtq*|«%^) ^9) 

with equation (1) follows: 

p,= 2C„.tgi(45%|)=Ap,.tg*(45V£) 

i.e. the cohesion determined by Jacoby on the 
earth surface is the , effective cohesion multi- 
plied with tg*(‘4y’+%) 

II. LIHEAR STBESS DISIBIBCTION. 


pile wall 2C;,tg(45*+%) 

or. after introduction of the value hJahk/2 
and equation (1) x 

The values n « z and <r of fig* 4 result from 
* ■ ■ briu 


the equilibrium conditions to: 

k(4t»66) + 25^(t-s) 

k(4t+66)+2s^-s) 


Hereby are: 


H 


k- 


(14) 

(15) 

(16) 


y(Ap-Aa)b 

■(«•*£) 

b - width of the sheet pile wall 


i^pp can be found graphically in such a way 
that we draw through the point of intersection 
of the sheet pile wall and the earth surface 
which we consider increased by the hydro - 
statical pressure line yh (pressure line with 
A - 1, i.e. p « 0)i and bring this line with 
the real earth surface to intersection. Ac- 
cording to we receive; 

as well as: ^Pp=ys(*p"^al 


a. Self-supporting sheet pile wall . 

'fhe earth resistance on the earth sur- 
face is starting according to fig. 4 with the 
ordinate npp (equation (8;) in front of the 
sheet piles. ** 

With APp=Ys(Ap-A^) 

we receive the starting height s above the 
effective earth surface in front of the sheet 


H 



FIG. 4 


or 



i.e. equation (1^) 


The bounds of the^ pressure figure are starting 
with the ordinate App according to equation 
(8) in the height of the effective earth sur- 
face ( fig. 4 ) firstly according to the line 
of the biggest possible passive earth pres- 
sure ( Ap - line) to the depth hj^ beneath the 
earth surface, ^e to the fact that from this 
point the active earth pressure is reigning 
on the right hand side of the wall, the line 
underneath will be steeper, i.e. parallel 
with the ( A^- A^J - line up to depth zi beneatti 
the starting height s . 

The further development is the seme as for 
oohesionless soil and is the result of con- 
siderations due to equilibrium conditions. 

If the sheet pile wall is charged with active 
earth pressure, the calculation follows ac- 
cording to fig. 5 . The starting height s must 
be introduced according to equation (12). 

In that case the above mentioned graphical 
determination of dpp is only valid i&en eg 
at the left and right hand side of the sheet 
pile wall will be considered as equal. 

Of course, cM beneath the bottom of the found- 
ation trench ( left hand side of the sheet 
pile wall, fig. 5 ) la often considerably big- 
ger than CM an tne right hand side of the 
wall (reckoned from the original earth sur- 
face). When the average value of the cohesion 
from the original earth surface to the foot 
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a, 6 

& Active and passive earth pressure. b Suflunation of the pressures. 

Self supporting sheet pile wall in cohesive soil, 
charged by earth pressure. 


of the sheet pile wall is introduced, we re- 
ceive an additional security, because APp is 
taicen Into account smaller than in reality. 

According to fig. 5 b there must be: 

b. Simple p roped sheet pile wall. 


The cohesion is considered in the same wey 
as mentioned above, i,e. for the active earth 
pressure we decrease the earth surface by 
and introduce the coheaion value npp for the 
passive earth pressure according to equation 
(B), or construct App graphically as shown 
above. 

The sheet pile wall being charged with active 
earth pressure, we receive according to fig. 


6a the minimal ramming depth t^<„ from the 
condition ““ 

( 19 ) 

Increasing the ramming depth byAt, £« is 
growing to E*^ and the minimal ramming depth 
^mic ^Vin* this depth the stress 

distribution is considered as to be increasing 
^ linear line. The position of point zero 
(fig. 6b') will be found from tiie relation: 

E,ai=E,a^ ^2o) 

!Phe summation of the pressure figures is 
shown in fig. 6 c . The condition of safety 
for a sheet pile" wall being rammed down deep- 
er than the supposed minimal ramming depth 
^min always fulfilled. 

The influence of the cohesion results in the 
following: 






Ill 


I) The miniael rffulag depth will l>e saaller. 
Z) Graphically can be proved that, when the 
sheet pile wall Is raaaed deeper than t^^ 

the force In the prop will be reduced far ’ 
acre than without consideration of the eo-- 
heslon. Therefore with cohesive soil the in- 
fluence of ramning ^ deeper layers is actu- 
ally bigger than with coheslonless soil. 

III. PlBABOLICAh STRESS DISTHIBDTIOH . 

Supposing that the resistance W is in- 
creasing linearly with the depth the follow^ 
ing equation will be valid according to fig. 7 ; 

W=W^,^■ah=.ah^ (21) 

The sheet pile wall charged with a linear 
force H, according to fig. 7 is resisting as 



FIG. 7 


long as the following conditions will be ful- 

qS‘<^Pp+yhjAp+y|.^-s-h*|(Ap-A^) (22) 

(^a^Pp+yh* Ap+y(t-h;;)(Ap-Aj (23) 


<5^ APp (27) 



p. As it is known from publications of 
Kotter 5)# Reissner 6), Tersaghi 7)t 
Spiliker 8)t Ohde ^9), Klenner 10), Lehnann 

11 )• Dorr 12), a.s.o. the distribution of 
ea^h pressure is considerably aore coaplic- 
ated as is supposed according to the classic- 
al theory of earth pressure. 


Rrom the publication of Ohde 9) we learn that 
self-supporting rigid sheeF* piles, turning 
round a lower point, can be determined with 


an earth pressure distributed triangular^ 
over the height of the sheet pile wall, 'me 
classical theory of Opulomb, in spite of 
their simplifyi^ suppositions, is therefore 
leading to quite satisfactory results. How- 
ever. in the case of proped sheet piles the 


bution of 
"be suppo 


he active eg 
i to be tria 


pressure 

lari 


With passive earth pressure the coherence be- 
tween oovements of the sheet piles, surface 
of sliding and distribution of pressure is 
similar to that with active earth pressure. 
The passive distribution of earth pressure 
for the two most important basic foxms is 
according to Ohde shown in fig, 9. 



PasBive earth pressure according to Ohde . 


(24) 

In the case of the self-supporting sheet pile 
wall beiz^ charged with active earth pressure, 
the distribution of pressure is shown in fig. 
8, (Bxceptions are possible with lower sheet 
piles and a very high ). The sheet pile wall 
is resisting as long as the following condit- 
ions are fulfilled; 



FIG. 8 


FIG. 9 

Until there will be available further funda- 
mental and systematical tests, self-support- 
ing sheet piles can be determined by means 
of the above mentioned equations. Por proped 
sheet piles the calculations must be based 
on the active earth pressure distribution ac- 
cording to Klenner (rectangular distribution 
of earth pressure with the same contents of 
the rectangle than for the classical triangle) 
The passive distribution of earth pressure 
can be supposed to be triangular. 

Por the minimal ramming depth t^^ the active 

and passive earth pressure are drawn in fig. 
10. For the enlargement of the minimal ramm- 
ing depth by we draw your attention to 
the above mentioned remarks. 

7 . SUMMARY . 

The theory built up by Jacoby with re- 
gard to the calculation of sheet pile walls 
in cohesive soil has been corrected. With 
the new theory it will be possible to take 
into account the cohesion mathematically or* 
graphically 
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Without cohesion with cohesion 

FIG.10 
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SUB-SECTION I g 

STRESS PISTRIBDTIOH. 


APHtOXI!iaa?IVE CALCULATIONS OF THE STRESS-DISTHIBUTIONS 
DUE TO CONCENOSATSD VERTICAL LOADS 

IR. G.A. OOSTSRHOLT 
Technical University, Delft, Holland 


In the Netherlands, Prof. dr. ir. P.K.Th. 
van Iterson was the first author , who tried 
to study this problem by means of approximative 
calculations 1). He computed the stress distri- 
bution, arising in a homogeneous isotropic ma- 
terial, if a smooth semi-sphere is pressed 
Into it (fig. 1). If i denotes the vertical 
settlement of the sphere, the radial displace- 
ment of a point, located on the sphere in the 
direction 9 , will amount to i.co86* Supposing 


that the radial stress jOe spreads linear In the 
material, the radial displacemenb of the point 
considered will also be proportional toj^e .In 
consequence of this, the stress distribution 
can be written, 

(1) 

Which Is the same as Bouslnesq's equation. 
Further 5 P 

( 2 ) 
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FIG.1 


If 1 denotes asain the settlenest of the sphere » 
tlie”"lntresaX idll be eq[ual to Icoso • Thus the 
general equation for the problea is found to be 

C I cos e - /Tn f 1 + o j dr (S) 

The integration will be worked out for 
two different cases. In the first place Pp is 
assumed to be zero, liiich is true for a load 
at the surface of the earth. If we substitute 

^.COS9 

the integral can be reduced to 


C.i.coe © i 


Bj splitting into fractions we then obtain 


A few years later on, Prof.ir.A.S. Sever- 
Ung Buinan studied the same problem, for ma- 
te^als with a modulus of elasticity, which 
increases in linear proportion to the depth. 

If y denotes the unit weight of the soil and C 
the constant from Ter zaghi’s law, the modulus 
of elasticity may be expressed by /.rcos ©,C 
provided that the increase of the stresses due 
to the vertical load is very small. The total 
compression in the direction 6 then snounts to 




dr 


iTrcose 2yCcoa© 

w 

As this is equal again to i cose • he found 

a^.C.l.cos®e (3) 

J’max” ^^2 (4) 

Comparing these new formulae with (1) and 
(2), prof. Buisman stated, that the latter 
^ght apply to some specif cases, for instance 
if the capillary tensions are so high* that the 
Increase of the effective normal stresses due to 
the weight of the soil, as well as to tbe load, 
may be neglected. On the contrary (5) and (4) 
should apply to a mass of soil without any 
capillary tensions, provided that the loads 
are very small. 

The author has now tried to compute the 
stress ^stribution, if the loads are greatei^ 
The same method of calculation has been fenc- 
ed, but the increase of the modulus of elastic- 
ity when the sphere is pressed into the earth, 
has been taken into account. The computations 
are Msed again on the assiimption, that the 
stress trajectories are straight lines through 
the centre of the sphere 3)* ^he stress pe i 
acting in the direction e (fig. 1) at the con- 
tact surface between the sphere and the soil, 
then expands |n such a manner, that the stress 

smounts to Pq at a distance r from the 

centre of tfe dphere. There the original vertic- 
al stress waapQ+ ^r.rcos B±f denotes the 
load per unit or area and g the unit weight of 
the soil. Assuming, that Terzaghl's law may be 
applied at an inclined direction, the compres- 
sion of t^e element plotted in fig. 1 mounts 
dr p„-Kyrcose-i-.Pa gyr 
C P 4- y. r. cos e 

and the total compression of all elements in 
the same direction can be written 

^00 ... r ^ 


r f 


1 




»^YPo+ir'^cose) 


C.lcos 



r 


,/r. ^ -2r+a " 

+ a\/3 bgcotg ■=- 

V a\/3 r 


iubstituting f ormiila can ba mitten 

Cl tt(/ 5 . / 1 \ 1 , (tiib+l 

_ coa e - _ - in - 

- ^ bgcolg lliri = («) 


irtiile ^ 


r^ycos e 


(7) 


The function has been plotted in fig. 2. If 
f'o % jf t and C are known and a value of i has 
been chosen, ^e relation between 0 and 
can be computed. 

^or point loads F the formula becomes more 
simple. Multiplying (^) with 


£ii. 


and substituting 


coses 4i 

we find: 

lim. FfiV) 

<|» = o 


21T 


Writing in the well known way 

P Pg cos a dF 

we find the relation between 1 and^e and F 
for point loads at the surface of the earth: 


Z.57 .^rp 

^ “ c V a 




•3P 4 

-Pe-— 2 ® (9) 

In the second place we assume to be 
much greater than yrcos e in the vicinity of 
the sphere} generally this will approximefcely 
be true for deep footings, like pilepolnts. 
Squation (5) then is reduced to: 

C.i.coaa- f 

In an analogous way as before, we can write the 
solution as follows: 
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The fimction f<i?)ha6 been dram in fig. 5 
For point loads we now can derive the follow- 
ing equatuons t 2 P 


cos e 




( 12 ) 


and 



(13) 


If the new formulae for point loads are 
compared with those of the mentioned author S| 
it is striking! "tbat the concentration factors 
are higher* For a constant modulus of elastic- 
ity (Boussinesq, Van Iterson) the concentration 
factor amounts to 3/2 ; in the corresponding 
case of a soil with a constant vertical stress 
pp (form. 12) we now found 2* Calculating some 
s&ess distributions by the aid of (10) and 
(11)! ib turned out| that the concentration 
factor decreases with Incveasing values otcp 
and for »<vthe form\xla becomes identical 
with Boussinesq* s eq\iation ^ means that 
0!so C.Po = a constant)* 

When the resistance against compression 
increases with the depthi the diff«[^ence is 
yet more strjJdng; Prof* Buisman found 



cos^e 



FIG, 3 


while for point loads now was found 
3P 4 

St COS o 

^ IT r 


Calculating according to (6) and (7) it 
turns out, that the concentration factor de- 
creases with increasing values of tp and for 
the formiila is identical again with prof* 
Buisman's formula corresponds also with 

>0 so El - C^rcoso 

It was well known from several experiments 
that the concentration factors could be con- 
siderably greater than indicated by Boussi- 
nesq' s formula; different causes have been 
sou^t to explain this (Frohlich, Buisman) • 
Results of all tests of loads at the surface 
of soil, made by^^several investigators, were 
controlled by Frohlich 4); he found semi-em- 
pirlcaHy, that a formula, identical with (6), 
was in the best harmony with these tests* 
Obviously the main cause of the great stress 
concentration tiierefore seems to be the fact* 
that the modulus of elasticity increases, when 
the load is brought upon the soil; other fac- 
tors however, as mentioned by Buisman and 
Frohlich, will also have influence* 

The author is well conscious, that the 
calculations are a simplified scheme of reality* 
As long as the laws, governing the deforma- 
tions of soils, are not known better however, 
it is necessary to seek the best approximation 
of the problem* The obiect of the above, there- 
fore, was only to complete a train of thou^t. 



that was ended half-way aad to obtain by this 
a better harmony with reality* 

RgPERKirCES . 

1) Be Ingenieur 1928 Ho.3J8/39« 


2) Be Ingenieur 1932 Ho.37i Grondmechanica p. 

3 ) Frohlich, O.K. Bruckverteilang ia Baugrunde. 

19 % 9 . 

4} Frohllch» op cit *9 p« 128* 
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ON THE DEPTH OF FOUNDATION 
F. aZEL^GOWSKI 

Polytechnical School, Warsaw 


iUiiong many conditions required of a new 
building the most important one is its stabil- 
ity against loading. 

Stability of a building will not change, 
if the position of its foundation does not 
change • 

It follows that the construction of a 
foundation should prove stable against any 
rotary movement, against any horizontal slip- 
ping, and finally against differential (vary- 
ing) settlement, which might occur due to the 
upward pressure of the soil underneath the 
foundation. 

The ob,3ect of these lines is to set forth 
such a theory for depth of foundations which 
will make impossible the above mentioned move- 
ments. 

In this connection it is necessary to 
say that an upward movement of the soil from 
underneath the foundation would be prevented 
when the pressure on the foundation bed of 
earth caused by the load of the foundation 
does not change the state of the extreme equi- 
librium of the soil determined by the equa- 

‘nt = *nn‘<3<P (D 

in the case of loose earths, and 

( 2 ) 

in the case of firm cohesive soil. 

The first one is known as Rankine's for- 
mula of earth pressure, idiereas the second 
one as Coulomb's formula. 

Both of them when expressed In functions 
of stresses Ni, No and T have the following 
form: 

\/(N,-N^f+^T*-(N,+Nj) 5 in 9=0 ( 3 ) 

in the case of loose earths, and 


vfrW -(N^+Njsmp= 2 Cco 5 9 (4) 


in the case of firm cohesive soil, ^ere ^ 
means the angle of friction, whereas C means 
the force of adhesion per suqare unit. 

Rankine and Pauker were the first to ini- 
tiate tbs Btu^ of the subject. 

Rankine in the basis, of the theory of 
equilibrium of coheaionless soil, and Pauker 
on the basis of equilibrium of retaining walls 
have both come independently from one another 
to the same results. In fact Rankine deter- 
mined the smallest depth of a foundation by 


the formula: 



idiereas Pauker: 



where H means the height of a column of earth 
exerting pressure on the base corresponding 
to the pressure of the extreme equilibrium of 
loose earth. 

It is known that 


hence 


<--siny 

1 + siny to((45®f^) ctg(45^-%) 




where iP in both these formulae means the same 
angle of friction, commonly known as the 
angle of natural sliding of the soil. 

Neither Rankine' s nor Pauker' e deductions 
which served as the starting point to formula 
( 5) ars correct from the theoretical point of 
view as both these authors assume in the 
vertical plane BC (fig* 1) a sudden turn at 
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A 


\ 

c 
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i , 



FIG.1 

an equal angle in the Lamd's ellipse of stress- 
es. They assume as well the surfaces of slid- 
ing being planes which fr^ an angle of 43 ^ * 

+ fff towards the level change their position 
to 43 ^ ~ if in a non continuous way. More- 
over the stresses of friction have not been 
taken into accoiint. 

In spite of these drawbacks formula (3) due 
to its simple form grew very popular in the 
technical literature and, as It always laap- 
pens, all the drawbacks have been compezisat- 
ed by a factor of safety, the value of which 
has been lately reduced from 1,73 to 1,5. in 
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oxd«r to lK>roT« tbo aatter Jankovski dorlT- 
•d tTom the abovo the follovihg fosaolai 



Although the xeeulte of this foiaula were con- 
fined by the ei^efinenta of XuxdiUBOw, neveiv 
theless the aeeuaptlon of the euxfecee of 
elidlug of the iq>«erd pushed soil as planes 
still did not corre8p<^ to the real facts, 
from the eiqperiseixta of Xhrdiuaov it was evi- 
dent that the aoreaent of the particles of 
th» i^ard pushed soil proeedes on continuous 
curves beginning right at the bottom of the 
foundation (fig. 2). 



FIG. 2 

Betsecki's foraula 1) has a siailar drawback. 
He has deteznined the necessazy d^th of a 
foundation (for loose earth) ^ the follow- 
ing f oratila t 

idi.ra a aeans half the width of a foundation 
(fig. 3). 



FIG. 3 

In connection with the ahove it must be 
mentioned that in his reasoning Betsecki as- 
sumed the possibility of a formation of a 
wedge causing the upward push of clods of soil 
with q;uadrsngularlike fxoHles BCIB and iCFG. 
Apart from this it should be noted that Bet- 
secki irtien giving bis formula (7) has taken 
in account only the state of loading on the 
surfaces of sliding AC and BC, appearing in 
the extreme sqailibrium of soil. 

However, in the above reasoning the pos- 
sibility of there beiug a^ wedge ABC of 90^-9 
at tlw top, which should force its way into 
the soil together with the foundation accord- 
ing to the experimental observations of Kur- 
diumow, has not been taken into account at 
all. TOxt sliding of the soil, as already men- 
tioned, takes place ri^t at the middle of 
the foundation footing while the soil is being 


pushed off both sides* 

The first attopt of approaching the 
real stats of things was done by Caquot 2) 
who has given an equation in the following 
form: . H 

in tbs csss of loose earths, and 



in the case of firm cohealvS soil, tdiers IT 
means the specific weight of earth. 

Caq^ot in his reasoaolng in accordance 
with the previous woric of Boussinesq and Bd- 
sal considered a continuous joining of the 
surfaces of sliding inclined at an angle of 
43^ * 4-0 towards the level with the surfaces 
of sliding inclined at an angle of 43^ - if 
by means of a logarithaical spiral (fig. 4}. 



In connection with the above assumption there 
arises a question whether the surfaces of 
sliding of the pushed off soil will have taktt 
that configuration at all. 


The answer to this question, judging by 
the results of experiment s, is a negative one, 
as the experimental ohservationa show that 
the surfaces of sliding change their configu- 
ration with the d^th. Moreover the wedge of 
the top angle ^Or . (p , idiich should force its 
way into the soil does not exist either. 

Pinally the last one who tried to deter- 
mine the necessary d^th of a foundation was 
Ritter idiose formula based on the pushing oft 
soil particles from underneath the foundation 
was given in the following form: 3) 

in the case of loose earth, and 



in the ease of firm cohesive soil. 


In his considerations Ritter assumed, 
as Betsecki and Caqdot did before, the pos- 
sibility of a formation of a wedge (fig. 3) 
eauaing the pushing off clods of soil having 
certain curved suzxaces the shrae of which 
was not exactly determined by tdm* This was 
due to the fact to the deduction of formulae 
(10) and (11). Bitter's starting point was 
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tlM rslatlon date raining tb» Taluaa of prliv- 
ciptl strosaea In tha fora indapandant of tha 
allding auxfacaa of tha puabad off aoil. 

InalT^ng tha abora foraalaa (7) aad (10), 
and talking into conaidaration the azistanca 
of tha balow quoted connaotion: 

it moat ba atatad that Bitter* a foxaula (10) 
ia identical with that of Batmacki (?)• So 
bare again both these authors, Batsaeki and 
Bitter, starting fzoa different points inda^* 
pandantlj fxoa one anothar arriwa, as it can 
ba seen, to identical foxaulaa. 

Iha above quoted fonulaa, as it can be 
observed, are to a certain extant, baaed on 
aasu^tions incoapatibla with azperinents 
which did clearly a^^lain a coaplaz proeaae 
of tha phenomenon of tha thrust of soil from 
underneath the foundation. 

Moreover on the basis of these experi- 
Manta it was possible to come to a conclusion 
that just before the formation of the surf ac- 
es of slidi^, i.e. before the thiuat of soil 
from underneath tha foundation there took 
place a strong condensation of the soil be- 
neath the foundation. It could also ba deduc- 
ed that the parts of soil directly adhering 
to tha side surfaces of the foundation did 
not coma into the area of sliding, i.e. they 
were not included in the bulk of clods of 
soil pushed off (fig* 2). 

Seeing tha non defined confiwratlon of 
the surfaces of sliding of the soil pushed 
off and the sheer iiqpoaslbility of basing 
thereupon any exact calculation of tha neces- 
sary depth ox a foundation, It will be to tha 
point to meke the above mentioned on the ba- 
sis of the pertaining results of the elastic- 
ity theory taking simultaneously into account 
Hankins *s or Coulcnb'^ condition. 

This way was adopted by Pigeaud, 4) ^o 
ngj ng Bousalnesq’S darinltion of the atress 
distribution under the influence of intense 
piessuxe, did obtain an equation the ^u>le of 
the qjuestion, however, without final deduotioa 
of xeq^ecting formulas concerning the calcul- 
ation of the necessary depth of a foundati<m 
in the case of loose or firm earths. 

That's why in this article having refer- 
ence to mehell's foxMulas defining the 
atresees in continuous sphere under uniform 
load spread over a sector 2a long, the res- 
pective formulas are arrived at In ^ite a 
almple way. 

MleheXl's foxwaas far the load shown ea 
fig* 6 have tiie following fomt 

N » ♦ aretq 

n\ ij ij i [(i. 




N +orctq 

* ir\ IJ 

dnijV 

Taking into account the above values ia for- 
mulas 




(5) and (4) and then to slj^lify the calcula- 
tion introducing the angles m, p , and 
we shall obtain as the result the Bankine'e 
and Coulomb's condltloas in very simple formal 

i-dsinfjrO (12) 



P 

TTCOSy 



C 


(13) 


On the other bend it suet be noted that Ran- 
klne'e and Coulomb's conditions represent the 
maximum shear stresses. 

Thus the extreme value of angle A cm be 
determined from tbe equation idilch will re- 
sult of differentiating of equation (12) md 
(13). Thus when differentiating we arrive ati 
coe 6 - sin 9 ■ 0 
The value of angle 



solves, as it can be seen, the above equation. 
The geometrical place of points where xha max- 
imum shear stresses occur is tbe eiixuafereace 
of a circle to which the streight line AB in- 
clined at an angle 9 is tengent . 

The ipeclflc weight of earth in its turn 
should be teken into account. 

In conxmetion with the above it must be 
stated that for a certain point the corresponds 
ing atreaeea will ^ve the following valuesi 

*1 • “If'J 


Th us Bankine's and Coulomb's conditions be- 
cause of 


- T - 0, 
end 

>1 + >2 - 2|ij 

will have one symbol more -2 ( y sin w 

Pinally should the position of the founda- 
tion footing be at a given dapth -h-, xemsmis 
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ing analogical to tha above should 

Thus considering the above results 
Hankins's and Coulomb's 

finally obtain these equations in the follow- 
ing foss: 

It will be noticed that a msTlnun -Iw will be 
obtained when ij « 0 in the expressions (1^) 
and (16) • 

If we introduce here the notation p -IH , then 
after suitable transformation the necessary 
depth of a foundation can finally be expressed 
by the following formula ; 

<-C^-y)tqy (17) 

in the case of loose earths* and 

y]-n:g (1®) 

1+(y2+f)tqy 

in the case of firm* cohesive soil, Horeover 
on the basis of the equations ( 15 ) and (16) 
pressures at the -h- depth (at the moment of 
the extreme equilibrium of the earth) could be 
defined: u(^-i-y)tqy 

in the case of loose earths* 

)fh[i+(%+9)tq 9]+TrG 
^ <-(%-cp)tg f 

in the case of cohesive soil. 

For practical purposes the formulae (17) 
and (Id) defining the necessary depth of a 
foundation should be applied with the 1*25 
factor of safety against a possible existence 
of the extreme equilibrium of the soil. 

The question of the necessary depth of a 
foundation with a not uniformly spread load 
will be treated somewhat further (fig, ?)• 

In the case under discussion oxily active 
earth pressure is taken into account as exert- 
ing influence on those side parts of the founda- 
tion block which due to a certain votation ex- 
ert the corresponding pressure on the ground. 
The passive earth pressure is better not to be 
taken into account at all, as it appears only 
when caused by a previous condensation of soil 
under the influence of relatively considerable 
movement of the foundation block, irtxich is al- 
together inadmissible in buildings. 


That's idiy fxlctlsn on the surfaces of 
tbs foundation block which in certain kinds of 
soil takes place only during the movem^t of 
the foundation is not taken into consideration, 
Horeover this friction is often diminished hy 
the application of slightly incllnsd side «ir- 
faeea of the foundation block and by looseaing 
the adhering parts of soil. 

To define the value of pressure on tbs 
foundation base* the equilibrium of the founds^ 
tlon blodE as- a solid body must be bom In 
mind, whan writing three principal equations of 
equilibrium* l.e,: 

(19) 

= B (20) 

JP!sMh(l-crXl^4”"h(ki+^ 

^±!i^ae = M (21) 

where 

P - S + G, 

and }JL coefficient of friction between the 
fotmdation block and the soil. 

Taking into consideration In equations 
(19)* (ao) and (21) relative distances of 
centres cf gravity 

e . • . ^2-^1 

* r P2 + Pi ’ 

5 r + o< 

ve obtain from the solution of these equations 
the pressure values pj^* p 2 io the form of the 
following formulae: 


and besides 


as\/— + 

V2 p,h 


Finally the value of pressure on the fouda- 
tion base should be defined in the case shown 
on fig, 8. 
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Her* tb» •auilibxiiui •quIitioiiB will take thw 
— . — . foX““ 


following foxmi 


_P!!Mh(«-o^+5^of h =R 


aad 


>Pb 

2 


(2*) 

(25) 


i**rw (26) 

P ■ S + G. ^ 

In tlie ease under consideration it will be 
. a b 

• - 5 - 5 . 


where the distance as well as the dc will 
be defined on the basis of the above mentioned 
fosaulae, 

from the solution of the equations (2t)« 
(25) and (26) we will obtain 


2 P^ ^ 


(27) 

and 


Thus whan deteminlng the necessary founda- 
tion denth exerting uniform pressure on 
the soil, one mey practically qpeakingi apply 
formula (17) or (18) (taking into account the 
safety factor 1925)^ in iriiich formxilas the 
height of the column of earth H should be taken 
for the maximum pressure on the soil. This 
pressure is determined by the foaula (25) or 


1) S. Betseckl. ^statyka ciat sypklch i scian 
podporovych.” 1914. 

2) A. Caquot. "Squilibre dee massifs h frotte- 
sent interne," Paris 1354^. 

5) M, Ritter. "Grensz^tande das Gleichgewich- 
tes in^,Erd- und Schuttnasaen." Intern. Yer. 
fur Bruck, und Hoch. Zweiter Kongreas. Bezv 
lin 1936. 

4) G. Plgeaud. "Resistance des materiaux et 
eiasticite." Paris 1934. 
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( g 3 COMPGTATIQN OP BfiAUfi HSSTIRG ON SOIL. 

£. US- BRER - Ghent (Belgium) 


IHTBODUOTIOH 

The computation of beams resting on soil 
is generally made by considering the soil as 
a perfectly elastic material, defined by a 
modulus of soil reaction £ (kg/ cm3). Doing so, 
the soil Is supposed to be a perfect liquid 
with a specific weight K, or an Infinity of 
independent springs. 

The method of the modulus of soil reaction, 
has first been introduced in railway-conatruc- 
tion. to define the settlement of the sleepers 
resting on the ballast. 

The same method Is currently used in tlxe 
U.S.A. to determine the thickness required for 
concrete pavements of airfields. Ibe modulus 
of soil reaction is defined by means of a 
loading teat on a slab of 30" diameter which 
nearly corresponds to the contact area of the 
tires of large planes. 

Ihen It is necessary to compute beams 
with arbitrary contact areas and sub;) acted to 
arbitrary loads, t^e problem is to find idilch 
value can yet be attributed to the figures ob- 
tained by the method of the modulus of soil 
reaction, this method being based on aasump- 
ifions which differ largely from the real prop- 
erties of the soil. Another problem is how, 
for arbitrary contact areas, arbitrary dimena- 
iojis and arbitrary loads, the modulus of soil 
reaction can be deducted ffom real, directly 
measurable soil properties. 

The question of the exactitude of the 
method of the modulus of soil reaction haa 
already Intereated many technicians. For in- 
stance Wie^ardt aad Schiel believed to have 
found a more exact solution by assuming the 
soil to be a perfect liquid with non neglige- 
able superficial tensions. On the other hand 
Borowicka gave the exact solution for a cir- 


cular slab resting on a material with a con- 
stant modulus of elasticity. 

GENHtAL SOLPTIOR , 

One can try to base the computation of 
beams resting on soil on the real pronerties 
of the soil itself. Consider a beam with an 
arbitrary stiffness, subjected to arbitrary 
forces, and resting on a soil with an arbitra- 
ry compressibility (fig* 1)* Under tbe effect 
of the forces, the beam and the soil will 
deflect. These deflections are a priori un- 
known, but it is known that the deformations 
of tbe beam and the soil are to cpncoz^d in 
each point of contact. Thus the reactions aoU- 
beam must be so distributed that in each point 
this condition is fulfilled. Beside the usual 
equations of the equilibrium of forces, one 
disposes of an infinity of relations express- 
ing for each point of contact the equality of 
the deformations of the soil and of the beam* 

Theoretically the problem thus la solved* 
Practically one can proceed as follows^ one 
adopts arbitrarely a distribution of the re- 
actions soil-beam, but which satisfies the 
normal equation of equilibrium* For this sol- 
licitation the deformations Sp of the beam and 
8^ of the soil are computed, on the base of 
the real properties of deformabill^ of the 
latter* As the law of distribution has been 
arbitrarely adopted, the values of ^ will 
generally be different from those of^st* Then 
a new law of distribution can be chosen, to 
obtain values s' p and ®*t» which better agree, 
and by successive approxlaationa each desired 
degree of exactitude can be obtained* 

For laterally confined soils the deform- 
Ability is expresssd by the law of compress— 
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ibility ot Terza^l. Tbe foundation beaaa are 
generallx located at a sufficient depth under- 
neath the soil surface; on the other hand, as 
lon^ as the effective loads are hut a fraction 
of the ultlnate hearing capacltj of the soil 
underneath the hean, the settlements of the 
latter produced hy lateral displacements of 
the soil -particles are small in comparison 
with those produced hy the compression without 
lateral displacement. 

k simple derivation of the formula of 
Tersag^i indicates that, if the lateral dis- 
placements are prevented, the modulus of elas- 
ticity S- of the soil can be eiq^essed hy t 

E,= CV 10 , 

where Sg - the modulus of elasticity (leg/ cm ) 

C • the constant of compressihlllty, 
iriiich can he determined hy consolidation tests 
> the effective stress at Idle con^ 

sidered point and on the considered plane 

(kg/cm2)r 

The law (1) indicates that, according to 
the nature and the history of the soil, it Is 
possible to have a material with a constant 
modulus of elasticity, or a material that is 
heteregeneoua and/or anisotropic in relation 
with Its compressibility. 

If, in view of the simplicity, the tan- 
pntial reactions soil-beam are neglected, the 
increase of the stresses in the soil produced 
hy the arhltrarely chosen law of sollocitatlon 
can he easily computed on the base of the law 
of Boussineaq or any other almilar law. For 
this purpose the diagrams of Mewmark are very 
useful. 

APPLICATIOK TO BEQrAHGnrAH BmAMS SOBgBOTED TO 
OmSBAL LOADS * 

The described general solution has been 
systouitlcally used for the computation of 


rectangular beMS with an arbitrary length X 
and a width b, subjected to a central load P 
and resting on a soli with a constant modulus 
of elasticity £«• assuming that the unknown 
distribution of the reactions soil-beam is a 


parabola of the 2ad degree, one relation of 
defomablllty is sufficient. It is obtained by 
expressing that the maximum deflection of the 
beam has to be e^usl to the difference in 
settlwent of the centre and the borders. An 
exa^^le of calculation Is given on fig. 2. It 
appears that the deformed surfaces of the soil 
So and of ^e beam Po only concord at the 
centre and at the borders; thus the parabolic 
distribution of the 2nd degree Is only a first 
approach to the problem. 

By defining the law of distribution by the 


formula 


/x /x 

\ii w 


'Pe.oo * 


( 2 ) 


it is possible, by a judicious choice of ^ 
parameters, to obtain practically the exact 
ustrlbution. 

In the formula (2) are: 
p » the reaction soil-beam In the point 
with abscissa x 

X ■ the abscissa of the considered point, 

the origin being at the centre C of the 
beam. 

Z * the length of the beam. 

p. « the reaction at the rentre. 

pQtOo » the reaction at the centre under the 

same beam and the same load, the stiff- 
ness of the beam beixig svqppoaed infin- 
ite. 

A,B,C,D« coefficients having the dimension of a 
stress. 

As It is necessary to know the 

formula (2) must first be applied to uhe oaae 
of the beam, supposed to have an Infinite 
stiffness. 

The fig. 3 represents an application of 
the formula (2). 

Although the parabolic distribution of the 
second degree is not an exact one, the values 
of the moment at the centre given by this dis- 
tribution differ only very little from the 
moments corresponding to the distribution of 
the formula (2). 

The case of rectangular beema resting on 
soils with a modulus of elasticity linearly 
Increasing with depth has also been considered. 
One gets practically the same concluslona as 
for a soil with a constant modulus of elastic- 
ity. 


COMPARISOK OF THE HESOLTS OBTAIHBD BY THE 
MBTHOD OF SOCCESSIYE APPROXHUTIONS WITH THOSB 
OBTAIBED BY THE METHOD OF THE ItODBLUS OF SOIL 


RBACTIOH. 


The modulus of soil reaction E being no 
physical constant for a given soil, it is fin- 
ally necessary to define this quantity. 

In cases of a soil with a constant nodiilus 
of elasticity £ is defined by: 




'Wt 


(3) 


In case of a soil with a variable modolus 
of elasticity, £ is defined by 

\<n J5e- W 


idiere 


Pm 


« mean value of the reactions soil- 

beam. 

« the settlement of the beam, stg^a- 
ed to be of infinite stiffness. 

This settlement is computed on the 
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base of tho real properties of qo»- 
presslblllty of tbe soil* 

The Tfllue of K baving been defined, It is 
now possible to utilise tbe method of the mo- 
dulus of soil reaction to compute the moment 
at the centre* 

Coi^pariof^ the values obtained for the 
moment at the centre by the method K with 
those obtained with the formula (2) or with 
the parabolic distribution of the 2nd degree, 
it is found that for a high stiffness I the 
method E gives for the moment Mq values smaller 

than the exact ones, while for very low stiff- 
nesses I it is the contrary. Thus for high 
stiffnesses the application of the method E 
can furnish values which are to low and thus 
could become dangerous. 

The negative divergence being, maximum for 
I »oo, fig. 4 gives in case B « c5, the values 



of the divergence e» in function of the ratio 
i for I -oo. The divergence becomes larger, 
wen the ratio>^ decreases, thus iriien the shepe 
of the beam fipproaches that of a square slab. 
Since only '’beams” Were considered, for which 
the length is much larger than the width, the 
curve on fig. 4 is limited to values 


For these values, We maximum negative diver- 
gence between the moment at the centre given 
by the method E and the one obtained by the 
parabolic method is smaller than 18 

In case of a beam subjected to an axial 
single load and resting on a soil with a con- 
stant £a, a safe value of the moment at the 
centre can easily be found* Indeed, it is suf- 
ficient to compute the mean value of the modu- 
lus of soil reaction by means of the formula 
(3)* One applies the method K to obtain 11*^* 

For the ratio l/h of the given beam, the fig. 4 
gives tbe value of e^. Finally ICq is computed 

by the formula 

“c = “’c 

The value so computed will be larger 

than the real moment, whatever the value of the 
moment of inertia I and of the ratio i/b will be* 

Another way, Wich is a little leas rapid, 
but gives a more exact value, is to assume 
that the reactions soil-beam are distributed 
according to a parabola of tbe 2nd degree, and 
to apply the general method. 

In case of a soil with a variable modulus 
of elasticity, the computations show that the 
maximum value of the negative divergence be- 
tween the moment at the centre given by the 
method E and the exact moment is smaller than 
30 the negative divergence attains its maxi- 
mum value, Wen the stiffness of the beam is 
Infinite. For every small stiffnesses the 
method K gives safe values. A more exact value 
for the moment at the centre can again be ob- 
tained by assuming the law of distribution of 
reactions soil-beam to be a parabola of the 
second degree. 

Finally for rectangular beams, subjected 
to a single central load, the moment at the 
centre obtained by applying the method of the 
modulus of soil reaction - this latter being 
defined by the formulas ( 3 ) or (4) - is never 
more than 30 % smaller than the exact value* 
Since the safety factors adopted for the com- 
putation of the dimensions of a beam are at 
least 2, it follows that, by using the method 
of the modulus of soil reaction for the con- 
sidered case, dangerous errors in the choice 
of the dimensions of the beam are excluded. 

For the rest it is worthWile to note 
that this conclusion is not longer valid. Wen 
it is necessary to compute the moments and the 
shear forces in an arbitrary section. 


- 0 - 0 - 0 - 0 - 0 - 0 - 
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OF im HBTEBO<aNEITY OF THE SOIL MASS OH ITS nnnPnffMATTQH 
Ptof. K, HRtJBAN 

Technical University * Brno (Chechoslovakia)* 


SUMMARY * 

In some casest it may be appropriate to use the theory of a heterogeneous semi-infinite 
solid for the ptnroose of deriving settlement estimates ftom observations on full-size struct- 
ures* Solutions for different load distributions are given. 


In general, the compressibility of soil 
masses below foundations is variable from spot 
to spot. In moat cases, it decreases in ver- 
tical direction downwards. The phenomena ob- 
served under loads distributed over a limited 
portion of the surface of sand deposits load 
to the conclusion that in such cases varia- 
tions of the compressibility in horizontal 
direction are also bound to occur. For the 
purpose of stress computations, we simplify 
the actual state of things aind represent the 
foundation soil by a semi-infinite elastic 
body. On two conditions, this working assump- 
tion may lead to suitable results: 

i/ The configuration of the foundation 
soil is such that there are no Important ir- 
regularities In the degree of consolidation 
of individual strata and that the rock surface 
is not, or but sligthly, inclined. 

11/ The intensity of loadl^ does not 
exceed a certain limit so that it is reason- 
ably possible to admit the law of proportion- 
ality between unit deformations and stresses 
produced In single elements of the mass. 

In many cases of foundation practice both 
these conditions are satisfied with a suf- 
ficient approximation. They definitely are not 
fulfilled, however, with laboratory experiments 
either on sand fillings confined in rigid ves- 
sels or on earth accumulations placed on a 
concrete floor. The type of heterogeneity of 
such artificial models is obviously essential- 
ly different from that of an unlimited soil 
mass irtiich has been consolidated by the press- 
ures of its upper layers, the compressibility 
of its elements being dependent upon the in- 
tensity of the principal stresses acting on 
th^. 

If the foundation soil con be considered 
as corresponding to both the conditions men- 
tioned above, it will be possible to derive 
the constants characterising its behaviour 
from the settlement measurements on full'- size 
structures and to forecast, consequently, the 
expected settlement of a proposed structure 
from the data gained by the observation of the 
existing ones. In such investigations, however, 
it has proved inappropriate to neglect the in- 
fluence of the variations of the compressibil- 
ity of the soil mass. Thus, In the following, 
we propose to analyse the deformation of an 
elastic semi-infinite solid with a modulus of 
elasticity which depends upon the position of 
the mass element in the body and which can be 
represented by a continuous function of the 
coordinates. Ve shall confide our consider- 
ations to t^se cases only in which it is pos- 
sible to express the resulting deformation of 
the solid by simple closed relations suitable 
for use in foundation practice. 


1. FOflCB APHiEBD AT A POINT * 

Let a force P acting along the Z -«3d.a of the 
system of spherical coordinates H,cp,U/i (Fig.l) 
be applied to the point 0 of the boundary plane 



FlG.I 


We shall use the following notations: 
u , V , w components of displacements, 

’ if \ unit elongations, 

J'flf » /'ft shearing strain components, 
y (Tf ^ normal components of stress, 

Tst i Ttfi hearing-stress components. 

Ttie axis of z being that of symmetry, it may 
be written 




b¥ 1 / c)u 




Herein n is the reciprocal of Poisson's ratio, 
hich is assumed to be constant throughout the 
bo^, and E=f(R,(p] is the variable modulus of 
elasticity. 

Adding the differential equations of equi- 
librium to the eimresaiona (1) and (2), the con- 
ditions of cospatlbility may be derived in 
terms of strain or stress comronents* 

If the compressibility ox the material 
decreases with the depth t , the modulus of 
elasticity may be ekpresaed by the equation 

here C is constant and is a poa- 
itive number* 

It may be shown 1) that the displaeamenta are 



of •qullibriuii 
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in this caae 
n-^3 Pcos^ 


n-fS 


P$ln<p 




r-S 


<Xam — 


(5) 


mi 2nCR*'*^ M(n^2) 2 hCR'‘ 

under the condition that Tn«n4 2. (4) 

The stresa dlatrlbutlon is a staple radial one, 
the principal stress aaounting to 

n+3 
2ir 

and all other stress coi^nenta being nil. 
Possible value of n » 

Tests and observations have ahovn, that the 
aettlenent of circular areas under equal load 
per square unit Increases with their radius, 
out not in direct proportion to it* Szcluding 
very siaall areas, the relation between the 
settlement and the radius of the loaded circle 
can be represented by a curve of parabolic 
type. Accordingly, the settlement of an indiv- 
idual footing or of a single pile is always 
smaller than the settlement of an entire gronp 
of such units. 

If our semi— infinite body shall be an sq>- 
proprlate representation of the foundation soil, 
we have to choose for n such a number that the 
deformation of the solid corresponds with these 
observations* 

Prom the second of Eqs. (3) we conclude 
that the deflections ( of the points of the 
boundary plane are p 

Kr"*' 

r being the distance of the point in consider- 
ation from the point of the application of the 
force P, and K constant. 

Let us compute the deflection of the 
centre of a loaded circular area with the radios 
a , if the intensity of a uniform loading is p • 
We obtain 


dPm 2 nr dr p * 
t r ^p2rrrofr 2Jtp r*dr 

J K 1 r" * 


of equilibrium ^ 

OR 

It is also, in fact, 


P..2TrH* oji sin^ cosfdqp 


i^ch is necessary because of statical equi- 
valency* 

2. PTjAWR nwyORMATIOH * 

Using the notations indicated in Fig* 2, the 
expression for the unit strain components are 


du \ ( dY\ dv i (0\i \ 

i, — u4— u 

Or r I d<fJ dr r \d<f / 


(9) 


- - ? 

1 

^0 X 


A ! 


ISl 


x\ti 


d\yif 

z 



As the deflection is in no case infinitely laxge, 
the exponent n must be smaller than 1. 

Porn - 0, we should havefc-——®; the deflection 

would increase in direct proportion to the 
radius. This is, however, not in accordance 
with observations. 

Therefore, it must beO<n<l (6) 

In this case 2frp 

^ K(l-n) ^ 

This is actually a relation of a parabolic 
type* The number n being greater than 0 and 
smaller than 1 , the reciprocal of Poisson* s 
ratio lies, according to £q* (4), between 2 
and 3, idiich also la applicable to soils* 

Let us consider more closely the case 
when n has the middle value, i.e. n - 
That means E-C'V? the modulus of elasticity 
increasing in direct proportion to the square 
root of the depth below the surface of the 
semlf^lnflnlte solid and m « 2.3* 

Bqs* (3) yield the displacements 
7 Pco3o ZPsin^ 

^ /ly ♦ \ 7 ) 

eircVF isirtV^ 

It may easily be verified that this is 
the exact solution of the problem. Substitut- 
ing into Eqs. (1) and (2), we find that there 
is OK^y one component of stress different 
from zero , i • e • 7P /■' , ~ 

irilich satisfies the only remaining condition 


FIG. 2 

The relations connecting stress and strain 
components may be written down as follows: 

mE fm-i £< \ mE / m-1 ir \ 

dr + ^ ts* 1 

m+1 \m-2 m-2/ m+i\ni“2 ra-2/ 


(icj 


Trs' 


mB 




Let us consider the case of • m«2.5 

i) If pressures of intensity q per unit 
length, actlxig perpendiculary to the surface 
plane, are distributed uniformly over the y- 
azis as shown in Pig. 2, the exact solution is 
given by the following equations: 


U-U 685 


qcosif 


. - 0/790 


qs]n(f 


. 0 ^ 955 - 


cyr ’’ cVr 

which may be easily verified. 

Herein, the coefficients are expressed by 
ratios of Gamma-functions which have been cal- 
culated to four decimal places, po that 

ii) If loads of Intensity q per unit 
length, distributed uniformly over the y-axls, 
are applied in the surface plane In the direc- 
tion of X (Pig. 2), we find the following solu- 

u-t7527^^. v-neasli^, 

cyr cyr 


cjyu*-t0433-i- sinf/cosV > 


M 
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irtiera It was taken 

^2 rfS zir^ 


' ~? i\ ’ * 

25 ruTrffl zotyST 

atreaa coiqtonanta 
I x,^ *, 

(^*-10^33-9- sinqpy cos> » fl5i«-I.O-*33-i5in1flfcos^ 


The normal atreaa coiqtonenta In reotangolar 
co,ordlnates Xf s* 



FIG.3 


The horizontal displacements 


f-Li 5in<p + ^cos9 


17^7 

W~ 


(siri'jp 


i 

3 


co^tpjyisinyl 


at the points of a straight line x « const, 
are shown in the same figure, irtiere the dotted 
curyea represent corresponding stresses in a 
homogeneous body. Horizontal displacements in 
points of a homogeneous solid become logarith- 
mically infinite, if the condition shall be 
satisfied that they vanish in infinite dis- 
tances from the boundary plane* 

The interesting point brought out by the 
results shown in Fig. 5 is the remarkable dif- 
ference in the intensity of horizontal stress- 
es close to the boundary plane. In a homogen- 
eous body, the laost intensive tensile stresses 
are produced in the surface plane. This m^ be 
possible only in extremely cohesive materials 
such as rocks, but not in sandy layers or In 
clays; the shearing strength of similar types 
of compressible soils is not sufficient to 
support the shearing stress originated by the 
dirference between both the extreme principal 
stresses* 

We know, however, that retaining walls 
and similar structures do transmit consider- 
able horizontal forces into their foundations* 
Hence, we arrive again at the conclusion that 
the stress distribution in soil must be dif- 
ferent from that occuring in a homogeneous 
tody. It follows, that the theory of an elas- 
tic solid with a constant modulus of elastici- 
ty, if applied to foundation soils, cannot 
give satisfactory results. 

Some authors suggest, therefore, the law 
t-Cz , This gives, however, infinite deflec- 
tion even under a distributed load, as we have 
shown above* 

It seems that the results of computations 
will approach the statistically most probable 
state of stress and strain in a regularly 
stratified foundation soil below a normal foot- 


ing, vhen they are derived from the theoi7 of 
a semi-infinite elastic solid the modulus E of 
which increases In proportion to the square 
root of the depth beneath the footixig* 

S^B* (7)yC8),Cll) and (12) may serve as 
the basis for such investigations* Some results 
are given in the following* 


3. IHCLIHSD FQBG1S3 * 


Solutions may be expressed by superposing the 
effects due to the norlzontal and the vertical 
component of the Inclined load. If those com- 
ponehts are a and respectively, the 

principal radial stress la 

Q6955 p 

Cf* — 4- qjCos<pyycosy . 



FIG. 4 


4. STRIP LOADING . 

Let the width of atrip he 2a (Fig. 5). 



FIG. 5 


1) Forces of intensity p per unit square 
acting normally inwards produce at the point A 
the deflection amp I558p,^ 

i ■ 

The displacement of any point U under the load- 
ing is the sum of the deflections caused by 
both the strips AX and XB: 

» -a<x<a 




126 


Under the middle line of the strip, we obtain 

grtiich is larger 41 per cent than the de- 
flection under the herders of the strip* 

At any point K outside the loaded area. 



In the houndary plane, there are no displace- 
ments in the X -direction* ^ 

ii) Horisontal forces of intensity p dis- 
trihuted unlfomly oyer the seme stripy prod- 
uce at points of the boundary plane displace- 
ments only in the x -direction. These are as 
follows: 

-a<x<a . 

1*1 >a . 

iii) Superposing the effects of both the 
horizontal and the vertical component of an 
Inclined pressure, the settlement of the 
boundary may be represented by the curve s 
shown in fig. 4 for the case f>3p • All poTnts 
of the boundary move in the same direction 
irtiich is, however, not parallel to the direc- 
tion of acting forces* This phenomenon is due 
to the type of heterogeneity expressed by the 
lawE^CV?. The greatest displacement is that 
of the middle line of the strip: 

According to the preceding results, a 
horizontal load produces at a point of the 
boundary a displacement § which is 2*25 times 
greater than the deflection | caused by a 
vertical load of the same intensity. In fact, 
remarkable horizontal movements of bridge 
abutments have been observed in many cases* 

The methods of the consolidation theory 
offer no possibility of estimating the horizon- 
tal component of settlement i^ch is, however, 
very important in bridge construction. 


5* LOAD DISTRIBUTED UNIFORMLY OTO A CIRCbLAR 

ARBA . 

Let the radium of the loaded area be a and 
the intensity of the load bep per square unit* 
The elemental load distributed over a circle 
with the radius r is dP^'fx^rdr. ^ 

According to Sqs.C?) and ( 8 ), this load 
produces in a point of the s-axis the vertical 
displacement pr / 7 \ 

oi^-ducottp-dv sin<p-^^P^|-co 5 ‘<pi-sin»^dr, 

the vertical stress component . 7 ^ » 

cos'tjpdr 


citTssedtriCOScp- 




and the horizontal stress component 


dor-'^do', sin*(^ « - ^ $in*^ cos^p dr . 

Integrating from r»0 tor^a. we obtain 
1) the vertical displacements of the 
points in the z-axls 


points 


55C \ ^ z 

ii) the stress components at the same 




In the middle of the loaded area, there is 



oi— p 



At a point situated on the z-axla at a depth 
z»4a below the surface, there is 


t(g *4^ ~ ^ ’ oi*-0.i00p, Of»“Q009p 

!I1iu8, 0*925 of the magnitude of the deflection 
^ is due to the compression of the upper mass 
layer, the thickness of i^ich equals double the 
diameter of the loaded circle* Not more than 
about a thirteenth of the deflection is due to 
the deformation of deeper parts of the solid* 
When, however, the shape of the loaded 
portion of the surface is a rectangular one, 
the part of the deflection originating in the 
compression of the surface layer depends on 
the proportion of both the sides of the rec- 
tangle. The longer the rectangle is, the more 
the deeper parts of the body are effected* In 
the case of an infinitely long atrip, at last, 
only about 0*63 of the settlement is caused by 
the compression of the material located within 
the depth equal to double the width of the 
strip. 

This may be one of the sources of error 
in settlement estimating, as often only a 
relatively shallow bulb of pressure is taken 
into consideration* 


Concluaion . 

Observations and theoretical investig- 
ations Indicate that a suitable representation 
of a regularly stratified foundation soil may 
be obtained by thinking of it as a semi- infin- 
ite solid with a variable modulus of elastic- 
ity* The assumption E>Cz yields infinite values 
of settlement even under a distributed load, 
irtiereas the remits of the investigation of a 
solid with L-CVz are in reasonable agreement 
with observed phenomena. As they can be re- 
presented by simple closed formulae, the may 
be of use for foundation practice. 

RggHtENGB ; 

1} E* Hruban, The Semi-infinite Solid with 
Variable Uodulus of Blaaticity* Bulletin 
international de 1* Academic tch^que des 
Sciences, ILVI, (1944), No. I 3 . In this 
paper, several o'^er solutions are derived* 
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SOimCES OF ERROR IN SKTTT.TqiENT BSTTMATB 
Prof, K, HRUBAH, 

Technical Univeraity, Brno (Czechoslovakia). 


Setilenent coapatatlons based on consolidation tests on undisturbed 
soil aaaples ^ve results which are eoBetines essentially different 
froB observed values. The principal causes of such shortconl^s 
are discuased with regard to the deformation laws of soil sanples 
established by trlazial coopression tests. The decisive influence 
of horizontal pressures in natural deposits on tbe settlement of 
buildings is demostrated* 


It is generally known that the observed 
value of settlement may be largely different 
from that calculated on the results of con- 
solidation tests on undisturbed samples. Con- 
sidering for Instance the data published by 
L.Casagrande 1), we find, that from 10 cases 
in which it is possible to compare the mea- 
sured settlement with the estimated one, in 
three cases only the differende was smaller 
than 50 per cent of the observed value. In a 
further three cases, the difference was be- 
tween 200 and 400 per cent and in two cases, 
it was greater than 600 per cent. The ratio 
of the computed to the observed settlement 
was between 0.7 snd Many other cases of 
similar errors in forecasts are known 2). 

What are the causes of such important 
discrepancies? Some are indicated in the pa- 
per dealing with the heterogeneous semi- in- 
finite solid. Here, I shall try to show the 
principal sources of error. 


1) In general, soil 'consists of mineral grsdns, 
water with dissolved gases, and air. 
freyssinet denotes such materials as pseudo - 
solid. Deformation laws of pseudosolid bodies 
differ essentially from those of solids. The 
theory of strain of a similar mass was de- 
veloped by Bousainesqt, 5)# who showed that 
the deformation of its element depends es- 
sentially on the ratio of the principal stres- 
ses acting on it. 

This rule holds for all types of com- 
pressible soils and has been verified by ade- 
quate evidence in triaxial compression appa- 
ratuses. Its effect may be demonstrated on 
the following example. 

Let us consider an element of soil which 
is submitted In Its natural location to a 
vertical pressure of kg/cm^ • 

to find its unit vertical compression, pro- 
duced by a foundation load wdiich causes an 
Increase ofacr^.Q 2 kg/cm^ vertical 

pressure, connected with a negligible small 
increase of horizontal stress. 

Following the practice of the consolid- 
ation tests, we take this soil element out of 
its bed asa part of an undisturbed sample, 
put it in an oedemeter, produce the Inxtial 
pressure 0,4 kg/cmS, increase it by 0,2 kg/ 
and find that ita unit compressiom grows 
e.g. 4),^roB 0*00217 (naasured when 
0,4 kg/cmf) to 0.01250 (aeaaored when <rv- 
0*6 kg/cB^). 


Hence, the unit vertical coi^>reasion produced 
by the increase 0.2 kk/cm2 Jhe 

paratus la - 0.01250-0.00217 - 0.0103?. 

Will the coapreaston of the soil eleront 
in its natural location be the same? It might 
be 80 only in that case when the initial ho- 


rizontal pressures, acting on the element in 
the bed, were the same as the horizontal pres- 
sures which we produced in the apparatus by 
applying the vertical pressure . These pres- 
sures were about 



where m denotes the reciprocal of Poissons 
ratio ,~the horizontal strain of the sample 
having been prevented by the rigid wall of 
the apparatus. 

Our natural foundation soil, however, 
has had its history. For ages, it had been 
submitted to the pressure of icebergs or of 
upper deposits, which later were carried away 
by the action of water or of man. It is sup- 
porting the weight of neighbouring structures 
and, eventually, the pressure of near hills. 
The actual horizontal pressures, acting on 
the considered element in its natural bed, 
may have a value within the limits 



and cri.no',, ihere n is determined by the 
shearing strength and the cohesion of the solL 
The value of this pressure in a bed of sand 
may be, for instance, = 0^25 tTv until 
whereas in the consolidation apparatus it is 
<r » about 0, 5 <r^ 

" Let us assume that it was established 
that the actual horizontal pressures acting 
in the layer in all directions equal cr^ . This 
means that our element is submitted initially 
to the pressure 0.4 kg/cm2 in all directions. 

We can appreciate the compression caused 
by an increase of of the vert- 

ical pressure in the considered point of the 
soil mass, if we ppt the undisturbed sample 
in a triaxial compression apparatus, submit 
it to a hydrostatic pressure of 0.4 kg/cm^, 
increase afterwards the vertical stress by 
0.2 kg/cm2 and measure the deformation pro- 
duced by this increase. In this way it will 
be found a unit compression of only, e.g. , 


£1, - O.OOUS A) 

That means; the compression of this soil gj-®* 
ment in its natural location will be in this 
0.010 33 - 

case tines smaller than that es- 

0.00119 

tabllshed by the consolidation test. 

Thus, an estimate based only on oedometer 
tests precludes the possibility of giving re- 
liable Information on the absolute aaount of 
settlement, as the natural state of stress 
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cannot be reproduced in an apparatus a4xe» 
horizontal pressures are neither controlled 
nor measured, tfeverthelesa , the value or such 
tests for indicating the time rate of settle- 
ment and for throwing light upon the laws of 
the consolidation process of recent deposits 
is undeniable. 

2) Another source of error is the supTOSition 
that the con^ression caused by an increase 
of O', of the vertical pressure can be deter- 
mined without regard to the simultaneous in- 
crease of stress in perpendicular directions. 
That is impossible even for homogeneous solid 
materials. 

According to the basic equation 



the unit compression s. in vertical direction 
depends upon all the three normal components 
of stress. If, for instance m » 3 

<r 

> there is s « . If, however, 

O' « cr = “ tr , there is no vertical compression 
* “ ^ at all. 


The same increase n, of the vertical pressure 
can thus produce any value of the compression 
e, , according to what is the simultaneous 
increase and of the other two normal 
components of stress. In the consolidation 
apparatus, we apply a pressure accompanied 


automatically by 

sion resulting from 
deformation is , \ 


» cr = — .The coi^res- 

this axially symmetrical 

1 -^ 1 ^ 

ftn-l) 11 J 


As the horizontal components of stress 
duced by a foundation load differ essentially 
from the test value^ , the compression «« 
measured In the oedometer does not even appwm- 
imately eqfoal the real ooi^ression e, of the 
soil element in Its natural location, usually, 
the value e, • ^ Is negative in places *** 
mediately under the footing where horizontal 
pressures exceed i=^ , end positive In deeper 
parte of the earth mass. 


CQRCLOSIOB . 

Thoee methods of settlement computations, 
which disregard the very important 
effect of horizontal pressures on the com- 
pressibility of soil elements, are bound to 
give unreliable results. They fail in all 
cases when horizontal stresses in a natural 
soil layer differ from those produced in the 
apparatus in which samples are tested. The 
fault may amount to several times the value 
of the real settlement, so that such fore- 
cast may lead to utterly erroneous conclu- 
sions. 
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1 aHl?(3BMLY LOADED ARKA AT A DEPTH THB GROOHD SUHPACE 

1.9. POX, Fh*D. 

Building Rtaearch Station 


IBTHODOOTIOg . 

in astinate of the elaatic aattleneat 
of a rectangular surface footing can l)e ob* 
tained by using the clasalcaLl solution of 
B0U8Sine8<i for a point load on the surface of 
a Beai-infinite elastic solid. This is sell- 
knoim and nunerical results are quoted, for 
example, by Tiaoshenho (reference 1, page 
538). 

In 1936 Klndlin (reference 2) published 
an extension of Boussinesq's theory to the 
Bore general case of forces applied within a 
seal-infinite elaatic aediua. This suggested 
that estimates of the elastic settleaent of 
sunk footings could be obtained by following 
the sane procedure as for a surface footing 
and the necessary analysis and calculations 
were carried out at the Building Be search 
Station prior to the recent war. As these 
have proved to be of some practical use anfl 
similar results have not, so far as is known, 
been published in the meantime, the present 
note gives the results of calculation together 
with a brief account of the analysia which is 
relatively straightforward. 


ANALYSIS. 


Ve consider a semi-infinite elastic me- 
dium with horisontal surface taken as 2 - 0 
and we measure 2 downwards into the medium. 

In the horlsontal plane (2 « c) at a depth 
c below the surface we assume a vertical load 
to be uniformly diatrihuted with intensity q 
per unit area over the rectangle x ■ 0 to a, 
y B 0 to b. We seek an expression for the 
mean deflection of the loaded area, since 
this may be expected to be relatively insena- 
itiva to the error in aasuming a "flaxible'* 
footing as opposed to the practical case of 
a footing of finite rigidity. In support of 
this procedure we may note the known result 
(reference 1, page ^^9) ^or a circular sur- 
face footing, that the theoretical settlement 
when camletelT rigid is oidy about 7^ per 
cent smaller than the corresponding average 
Settlement due to the same total load unirorm* 
ly distributed under the footing, 

mndlin'B analysis applies directly to 
an element of load q dx^v dy^ acting at the 
point (Xq, Vq, c) and the resulting vertical 
displacament w at any point (x, y, 2} may be 
written in the fora 

rip ^ ® 

irtiere B denotes Young 'a Modulua, p la Pois- 


son* s ration and 

. (X - x„)2 . (y - yo)2 . (» - c)2 

. (X - Xo)2 ♦ (y - yo)2 + (a + c)2 


.a^-3 -4*^ 
aj- 5-12^'+ ei/* 

a4“^-4v9(Z+c;-2c2 

a^-ficzcz+c/ 



To obtain the deflection at any point 
(x, y, c) of the loaded rectangle we have now 
to integrate (1) for Xq from 0 to a and y^ 
from 0 to h a^ then put 2 « c. First we note 
that the contribution of the tMrd term In 
(1) then becomes zero. Thus 




=(Z~c)IJ. 


Where A is the solid angle subtended at the 
point (x, y, 2) by the loaded rectangle. For 
a point on the loaded area II « 2irand (4) 
will vanish since 2 » c. Secondly, to obtain 
the mean deflection of the loaded area we 
have to integrate further wlt)^ respect to z 
and y over the rectangle. The result of both 
sets of integration leads to the fol,lowing 
egression for the mean settlement *c ot tbs 
loaded area, 




|bjJ,4-bgJ2+ b^j^+bgjgj (a) 


wh.re 

D “ — “ 


C^n) 


STTCfl-v) ' f’-l- 2.43(6) 

whilst J4., Jc are quadnq^le integrals* 

These do not, however, requize to be integrat- 
ed separately since if we regard as the 
basic integral defined by 


then Ji, J4 end 


the rsiations 


J4 


can he easily derived from 
*0 
d Ji 


<^2)c 

i 


4c 


dc 

dc 


rzvm 

1 (») 


le require therefore first to evaluate 
Jo from (7) which can be immediately reduced 
to a double integral by using the following 
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l«nM, 

raxf du/dx /’fCx-x„.ij-Uo)dUo“ 

Jo Jo Jo Jo 

- 4 /ds r%- c?) 

Jo Jo 


which holds under fairlj general conditions 
for any function f which Is even in both aiv 
gunents. (rhe quadruple Integral will be aero 
If f is odd in either arguaent, ) This lema 
Is prored at the end of the paper. 

If we use (9) to slnplify (7), the re* 
suiting double integral for J2 is easily 
eTsluated algebraically by standard aethods 
and thence Ji, J/. and J5 can be obtained with* 
out difficult by using (8J, 

The final result for can be es^ressed 
In the following fom 


q ft 

4n-Eft-i/) 



(10) 


where 


(3j- 3-41^ 


P 3 -- 4-1/C1-2V') ) ( 11 ) 


anA 


+41/-8W' 
P^ = _4(1-2v^;‘‘ 


•i + b 


Yd « a log 4 ' + blog - 

* d 


*1 dab I 


Y 2 *alog -3 + blog 

1 iab 1 

Y^- >- 2 -V*-; 

4 ab 

-i/db ^ 

Whilst 




r- 2c 
r a^+ 


- b r - 
a*+b®+ r ^ 
r4^- a^+b^ 


} 05) 


If we put r • 2c - 0 in this solutioh 
we obtain the aean settlenent^o under a sur- 
face footing in the form « 

57-£3l^.Y. ft4) 

This nay be written in the fosa used by 
Tiaoidienko (reference 1« page 336) 1 namely 


\Aj»_ M rn^-_ — c 


qWab 


(15; 


where the coefficiett m is ^wen in our not* 
atlonby m-|: (l 5) 

and is a function only of the ratio a/b. 

For the other extreote case of a very 
deep footingt c— eooand we find for the mean 
deflection . , ^ 

^ _ art + i})r:5-4xf) Y (17) 

“ 4TTC(-1-j;) ^ 

Thus the ratio of the settlements of a very 
deep footing and a surface footing is given 
from (14) and (17) by - 3.^^- 

Wo"* 

which depends only on Poisson's ratio if and 
increases steadily from 3/8 to 1/2 as J in* 
creases from 0 to 1/2. 

Finally, from (10) and (14), the ratio 
of the mean settlement of a footing at depth 
c to that of a surface footing is given by 

i».v. 




^C— Sal 

'*'» (Pi+Pz)^! 


(19) 


HUIIBEICAL BBSDIIS . 

Calculations have been cars^ed out to 
enable the relatively complicated solution 
for Vq bo be used in practice. Thus for the 
surface footing we can obtain *0 simply from 
equation (13) and the curve for m given in 
Figure 1. (We choose^ rather than b/a as 

abscissa in order to spread the curve near 
the origin for greater accuracy in use) . 
Thence we require the ratio “c/*o which de- 
pends on Poisson's ratio J and on the ratios 
atb:c. Calculations have been performed for 



Mean settlement ^ of Flexible Surface Footing* 
Uniform Fressore ^ on Beetangla of Sides a,b 

FIG.1 
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Incrtaiin^ DcptK 


Ratio of Mean Settlemests of Flexible Rec^ianguiar 
Footing a X b at Depth c and similar Footing at 
Surface 

(Numbers on curves denote value of ratio which is constant along any one curve) 

FIG.2 


i/s 1/2 and are shown plotted In Figure 2* 

It may be noted firstly, that the ab- 
scissa in this figure changes from c/Va^ to 
its inverse at unit abscissa in order that 
the infinite range of depth may be covered 
in a finite range of plotting. Secondly, the 
ratio c/Vab has been chosen rather than c/a 
or c/b since the curves for different con- 
stant a/b become relatively close with con- 
sequent small errors when inteipolating. For 
practical purposes it might well be consider- 
ed that one mean curve, say that for a/b « 9t 
is sufficiently accurate for all shapes of 
rectangle from the square to the long narrow 
strip. It has not been considered of suffic- 
ient practical value in foundation engineer- 
ing to carry out calculations for other values 
of Poisson's ratio in view of the overall ap- 
proximation inherent in assuming soil to be 
an elastic medium. 


PRCXar OF SaUiTION (9) 

Consider first the x and Xg integrations 
for w^ch y - 70 ia constant end need not be 
written. We put Xg • x - X and integrate by 
parts as follows: 

- I^x - a)^ f^)dX + 


fx- d) f Cx)dx + J xf(x-a)dx (zo) 


The integrated terms vanish at both lim- 
its and if we change the variables of inte- 
gration in (20) by writing X for i in the 
first x-integral and % for (a - x) in the 
second x-integral, we obtain 


-d -a 

/ dx/ f('x-Xo)dXg = 

Jo Jo 

-0 when f is an odd function 


and =^5,-55) f(S)d 55 (21) 

when f is an even function 

This equation (21) is a mathematical re- 
lation in which X, Xg, y and a have no feci- 
al meaning and can equally be^replaced by y, 
yg, n and b respectively. Thus, , if we apply 
(^) first to the X, Xg integrations in (9) 
and then to the y, vg Integrations we obtain 
equation (9) ae stated. 

The preceding proof assumes that the 
order of Integration may be changed, condit- 
ions for which are discussed in books on 
pure mathematics. It is valid, in particular, 
when the Integrand le a continuous function 
as in the integral J2 present problem. 
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SUB-SECTION I i 

mSCBUiABBOOB 


THE COHCEPT OP SOIL MOISTORE DEFICIT 

a. £• SCHOFIELD AHD H, L. FBIDUH 
Rothansted Sxparinental Station, Harpanden, Herts 


When eva^ratlon takes place, either 
directly froa a hare soil suMace or from the 
leaTea of plants rooted In the soil, vater is 
withdrawn from the soil. Water applied to the 
soil Buirface, or falling on it as rain, aust 
first aake good the loss due to evaporation 
before throu^ drainage occurs. No doubt the 
broad truth of the above atateaent is general- 
ly conceded, but it is not easy to cite quan- 
titative data froa idilch the precision of the 
statement aay be judged. 

1. SOIL MOISTDRE DEFICIT IN BARE SOIL . 

A recent exaalnation of the records of 
the Rotiiaasted Drain Gauges (Pepaan and Scho- 
field, 19A1) has been of value in this con- 
nection. These installations contain three 
blocks of undisturbed soil, each 1/1, 000th 
acre (A square metres) in area and resgtectiv- 
ely 20 in. (0.5 metres), 40 in. (1 metre) and 
60 in. (1.5 aetres) deep. The soil blocks rest 
on perforated plates, a^ are separated from 
the surrounding soil by impermeable side walls. 
Collecting funnels under the perforated plates 
lead the drainage water into measuring tanks. 
Daily records of drainage have been made since 
1871 and continuous recording gear was install- 
ed in 1925. During the idiole period the soil 
surfaces have been kept free of vegetation by 
hand-weeding. 

In order to Illustrate the type of evid- 
ence furzd.shed by these drain gauges, Fig. 1 
has been prepared from the automatic traces of 
drainage and rainfall for the period July 6-9, 
1927* The effect of previous evaporation from 
the bare soil surface is shown in the differ- 
ence between rainfall and drainage. Since the 
"die away" curves for the drainage have a form 
that la constant except for a aeaaonal variak- 
tion, it is possible to estimate that the rain, 
totalling 0*76 in., that tell up to noon on 
July 7 would have caused a total drainage of 
0.33 Ixu had no more rain fallen during the 
next 48 houra. Thus we c»btain a value of 0.41 
In* for the soil moisture deficit existing on 
the nigbt of July b when rain rirat started to 
fall. Drainage in the 20 in; gauge, did not 
start until 0.45 in. of rain had falltn. This 
is a reflection of the time taken for water to 
move down ffom the surface sufficiently to 
produce the pressure head needed to causa 
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Typical continuous records of rainfall and 
drainags frcm Rothaoivted gauges (July, 1927)* 

FIG.1 

drainage* Two further falls, totalling 0.62 in., 
caused the total drainage in both the 20 in. 
and 60 in. gauges to increase to 0.33 in*, 
dicating that the soil moisture deficits at the 
times ehen the two rains be^n together amount- 
ed to 0.14 in. This represents the amount of 
water evaporated froa the soil surface during 
Jull 7f imich was on the witole a sunny day. 
There is, unfortunately, a leak through lUch 
foreign water enters the 40 in. gauge t records 
froa this gauge are unreliable. 

In the great majority of cases the estim- 
ates of soil moisture deficit obtained in these 
two ways are conalatent end give aaounta of 
evaporation that are reasonable* From time to 
time, however, uaually idien sudden heavy rain 
falls on a dry soil aurfaca, drainage occurs 
before the deficit has been ftCLIy made good. 
Thus very heavy rain (0.17 in. + 0.93 in.) fall 
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In tvo periods during the eTenlng of August 13 . 
1937 , end the eorre^nding drainage was 0.38 



II Aug. 14 Aug. 15 Aeg. 

Continuous records showing drainage where there 
was still a soil noieture deficit (August »1937) 


FIG. 2 

There was a further 0,58 in- of rain spread 
over ahout 12 hours on August 1A-, hut the fur- 
ther drainage was only 0*44 in. As 0.14 in. Is 
improhably hi^ for the evaporation during the 
night and early noming before rain started 
again, part of it must be attibuted to the 
failure of the earlier heavy rain to wet the 
profile completely# It can also be seen from 
the automatic records that the first drainage 
actually started at a time when there was 
still a soil moisture deficit of some 0*3 in* 
Host of this was made good by the rest of the 
rain of August 15* idiich was more gentle to- 
wards the end, but a small residue still re- 
mained unsatisfied when this rain ceased# 

The records of the summer of 1921 are of 
special interest# !Ihree months of almost con- 
tinuous drou^t ended early in- September when 
2#0 in. of rain fall steadily during one day. 
The weather again became fine, and drainage 
ceased after 0#70, 0.63 and 0.59 in. had been 
collected from the 20, 40 and 60 Inch gauges 
re^ectively. Under these exceptioixally favoup- 
eble conditions it was possible to evaluate 
rather precisely the soil moisture deficits 
as 1*30, 1.37 and 1.41 In. respectively. From 
the long series of records it is possible to 
obtain the soil moisture deficits developed 
by surface evaporation during dry periods of 
various lengths under different weather con- 
ditions. The figures given in Table I are re- 
presentative of soil moisture deficits pjroduc- 
ed by evaporation from bare soil at Rothamsted 
in summer. Briefly, it may be said that the 


first half inch of deficit is produced la 3 to 
5 days, depending mainly on the amount of sun- 
shine, the deficit only reaches one inch after 
several weeks, and even in three months did 
not reach 1.5 In. 

Compared with other drain gauges, those 
at Rothamsted are peculiarly favourable for llie 
determination of soil moisture deficits owing 
to the rapidity with idilch drainage dies away 
after rain. This is partly because the soil of 
these gauges Is in its natural structure. Thus 
the bare soil gauge at the Cambridge Water 
Works at Fleam Dyke, of rammed chalk filled- in, 
may run for three weeks after rain. The drain 
gauges at Cralbstone, Aberdeen and at Puaa and 
Cawnpore, India, were all built round undis- 
turbed soil but these too give a slower die- 
away than the Rothamsted gauges, showing that 
natural soils differ considerably in this 
respect. 

2. aOIL MOISTURE DEFICIT IN CROPPED SOIL . 

It might be thought that soil moisture 
deficits in soils carrying grass, arable crops, 
or even forest, could really be determined by 
finding the moisture contents of soil samples 
taken to the depth of root penetration, and 
using for comparison similar samples taken at 
a time vhen the soil moisture deficit could be 
taken as lero. In practice this method can only 
be applied with advantage In places fhere the 
soil is exceptionally uniform, as Is the case 
in loun^aans Faisture on the Cambridge Univer- 
sity Farm. From repeated samplings and observ- 
ations on the performance of field drains Mr. 
H.H. Nicholson and hi a students have secured 
valuable data from which the total soil moist- 
ure deficit and Its distribution with depth 
have been obtained on more than a dozen occa- 
sions during several seasons, dome of these 
data are used in a later section and are in- 
cluded in Fig. 4-, 

At Rothamsted the soil is not uniform 
enough for the same method to be applied, and 
a new technique has been developed. The soil 
samples are taken in the form of ''clods" in 
their field structure, are Immediately weighed, 
and are then allowed to take up moisture in 
the laboratory against a controlled "suction" 
of 50 cm. of water (pF 1.7). Clods taken In 
winter, idien the soil moisture deficit was 
considered to be zero, neither lost nor gained 
weight on the average under these conditions# 
Clods of the same size taken from the same 
depth did not all take up exactly the same 
amount of water in the laboratory, but a fair- 
ly accurate measure of the soil moisture def- 
icit could be obtained from the mean of the 
results# 


3. FYAPORATION FROM GRASS AND OPEN WATER . 

Seeing that any method based on the examination 
of soil samples is very laborious it is fortun- 
ate that soil moisture deficits under veget- 
ation can be obtained to an accuracy that 
will be sufficient for many practical purpos- 
es by an Indirect method based on estimates 
of evaporation# This estimate la poasib^le be- 
cause the evaporation from a green crop that 


TABLE I 

Typical soil moisture deficits built up 
during rain-free periods in suameg s 
"bare soil at Rothamsted 


t\t YMipiod (davs) 

2 

5 ^ 

10 

20 


40 

Deficit (inches) 

0.30 

0.50 


0#16 


1#00 








15 ^ 


•ft«otiT«l 7 covers the soil and is not short 
of ester depends on the weather but not on 
the height or rate of growth of the crop so 
long as it regains green* Ihe truth of this 
statement has been proved by eiqperiaents at 
fiothamsted in which grass growing in soil 
tanks sunk flush with the surrounding grass 
covered soil has been continually sijmplied 
with water from a water table at 16 in* (40 cm) 
gach soil tank is in communucation with a 
covered reservoir In which the water level Is 
accurately measured* During rainless periods 
in summer a small moisture deficit develops 
in the top few inches of soil above the capil- 
lary fringe I but during a normal summer radln 
is sufficiently frequent and plentiful to 
wipe this out at times and cause a rise in 
the water table* From the records we laoow the - 
net amount of water that was added to the 
reservoir (or taken from it) between two such 
occasions in order to keep the water at the 
standard level. In this way a measure is 
obtained of the excess of evaporation over 
rainfall for each Interval between rises of 
the water table. The accumulated excess for 
the summers of 19^ and 19^5 are plotted in 
Fig. 3. 



Accumulated excess over rainfall of evaporation 
from aub-lrrigated grass at Rothamated* 


FIG.3 



surface, entered under £q in Table II are the 
means for 21 years up to 19^3 • The factors 
under f were obtained from the observations 
at Hothamsted. The entries under are, 
therefore, estimates of mean monthly evapor- 
ation from the grass-covered drain gauge, 
which total 15*0 inches for the whole year. 
This estimate is in close agreement with the 
mean excess of annual rainfall over annual 
drainage which was 13*2 In* for the same 21 
years* 

Even ^en the evaporation from open water 
has not been observed on the site It Is poss- 
ible, with the aid of recent developments in 
the theory of evaporation, to make a close 
estimate of open water evaporation from reoocds 
of hours of sunshine, mean wind speed, mean 
air temperature and dew-point (Penman, 194S)* 


Alongside the soil tanks is an open water 
surface. The correspondence between the evapor- 
ation from the grass and the same area of opoi 
water is so close that the weather must be 
the controlling influence in both cases. The 
actual ratio la not fixed, but exhibits a 
seasonal trend* Values of the ratio appear in 
Table XX. It is possible, therefore, to make 
a close eatlmate of the evaporation that would 
have taken place from grass plentifully sup- 
plied with water if the records are available 
for the evaporation from a well sited water 
surface* 

At the Harrogate Water Works, situated 
at 3^ fb* on Blubberhouses Moor, there is a 
graas-covered drain gauge and an open water 
evaporimeter alongside* Rain is su^iclently 
frequent to make it likely that the grass is 
rarely short of water and the records can be 
used to provide a check on the considerations 
of the foregoing paragrai^. The monthly 
amounts of evaporation from the open water 


Soil MoistTire Deficit Obtained from Estimates 


Evaporation * 


In arriving at an estimate of the soil 
moisture deficits in places idiere rainfall la 
often insufficient to maintain full evapora- 
tion from grass, it seems reasonable to assme 
that until the soil moisture deficit has reach- 


ed a value, C, the evaporation is that for a 
plentiful water s^^ply, but that for deficits 
greater than C the eva^ratlon falls progress- 
ively below that for plentiful supply* 

The result of an attempt to estimate the 
trend of the deficit during summer appears in 
Fig* 4* Details are being published elseidiere, 
but it should be noted that the value of C 


was chosen rapirically to have silently hi^r 
values for years In i^ch a dry spring would 
encourage root develo^ents* A successful 
estimate of C would result in the estimated 
deficit being reduced to aero 'vdien the soil 
reached field capacity in the autumn: in Flg.4- 
the return to zero deficit is represented by 
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}j.r.M,A.M.J|J.A,SiO.N.D}j.F.M|A.M. 

Satlmatod and obsarred soil moisture deficits 
in graeeland at CambridM* Thick horieontal lines 
show when the field draiins were running»Open 
circle show ▼alues of deficit measured by soil 
8«pling (1935-3^) • 


FIG.4 


the onset of autunn running of the field 
drains* 

It la both reasonable and necessary to 
consider that C depends on the character of 
the soil, the nature (mainlj the rootixig 
habit) of the crop and perhiq^s the nature of 
the growing weather early in the year* Table 
III gives the values of G for a nusber of 
grasa^vered surfaces together with the dates 
and amounts of the largest soil moisture 
deficits* 

In some cases the distribution of rain thiou^*- 
out the year prevented large deficits from 
being built up and the readily available water 
can only be stated to be at least as great as 
the maziiium estimated deficit* Otherwise the 
value of C for grass surfaces appears to be 
about 3 or 4 in. The large value (6*0) deduced 
for the 48 in. deep gauge at Farlington is 
unexpected* It may reflect the properties of 
disintegrated chalk studied recently by Locket 
(1946), but further investigation is needed to 
elucidate this case. 


4* DIFFICULTY IK SAJTOT SOILS . 

The clay soil of the Cambridge University 
Farm is favourable for studies of soil moist- 
ure deficit because of the rapidity with which 
the discharge of the mole drainage system dies 
away after rain. Here it is easy to diating- 
ul^ the times idxen the soil moisture deficit 
Is zero. It is, however, much harder to do 
this vAxen the soil is sandy with a deep water 
table. In such cases downward movement of 
water may persist below the level of root 
penetration throughout the year, althou^ the 
rate of movement varies considerably* Where 
this occurs there is no state of laoisture that 


TABLE III 

Value of Readily Available Water, and Mn-Hmiiw 
Water Deficit for (bfass-Covered Surfaces (inches). 


Site 

Kature of surface 

Tear 

Beadily 
available 
water (C) 

Max* 

deficit 

Date of maximum 
deficit 

Craibstone, 

Aberdeen 

Turfed gauge, 40 in* deep 
graxxitic soil, undisturb- 
ed 

1938 


1.5 

August 

Harrogate, 

forks 

Turfed gauge, 36 in. deep, 
clay soil, filled in 

1921 

1941 

1942 


3.6 

2*8 

1.7 

July 

July 

June, July 

Uhlversity 

Fan, 

Cambridge 

Pasture on clay mole- 
drained 

II 

5.0 

3.2 

2.7 

4*7 

5.2 

4.3 

September 

August 

August 

Harpenden, 

Herts 

Catchment area 
clay over chalk 

1944 

5.5 

4.7 

June 

Compton, 

Snssax 

Crassed gauge, 36 in deep 
chalk fill^ In 

1933 

1934 

4.0 

5.0 

5.5 

4.6 

August 

July 

Farlington, 

Hants*. 

Grassed gauge, 24 in* deep 
chalk fill^ In 

Ditto 48 in* deep 

1933 

1934, 

1935) 

1934) 

2.0 

2*0 

6.0 

3.9 

3.5 

7*5 

7.3 

August 

June, July, Aug* 
August 

Juli, August 
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can be uniquely Identified as the condition of 
sero deficit, although it may be possible to 
select a condition oore or less arbitrarily 
which will serve as a zero of reckoning for 
practical purposes. 
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SECTION II 

LABORATORY BfV^TIGATIOHS 

SUB-SECTION II a 

GENERAL 


EFFECT OF NA!PURAL HARDENING ON THE UNCONPINED COMPRESSION STRBNGOB OF REMOLDED CLAYS 

II » i (A laboratory investigation carried out at the 

" ® University of Illinois, U* S, A, ) 

ORESTE MORETTO (Dr, Ing, ) 
of the Argentine 


1) PURPOSE . 

In the literature of soil mechanics, 
much discussion has centerred on where lies 
the source of the strength and rigidity of un- 
disturbed clays. Until recently, this quest- 
ion e^peared to have only academic importance. 
The resxilts of field observations carried out 
during the last few years have emphasieedihow- 
ever, that it might have very inqportant prac- 
tical lo^llcations in cases such as the con- 
solidation of hydraulic fill dams, effect of 
remolding due to driving of piles, etc. 

The great decrease in strength experienc- 
ed by some clays when remolded at unaltered 
water content was first observed by the Swe- 
dish Geotechnical Commission daring the in- 
vestigation of landslides. Subsequently, A. 
Casagrande 1) obseirved that the consolidat- 
ion characteristics of undisturbed and remold- 
ed clays were also maricedly different, and he 
concluded that such disturbing events as the 
driving of piles into soft clay are likely to 
increase the compressibility of the clay to 
such an extent that the piles may actually be 
detrimental. 

In order to explain the difference In the 
physical properties of undisturbed and remold- 
ed clays, Casagrande proposed a theory accord- 
ing to wMch the clay particles settle during 
the process of sedimentation into a definite 
arrangement called the "clay structure”. His 
conception of the structure is that of a 
coarse-grained skeleton cemented together by 
highly compressed clay whose Interstices are 
filled with soft clay. Casagrande states that 
"the building up of such a structure Is chief- 
ly dependent on the exceedingly slow, process 
of natural sedimentation and consolidation" 
because a rapid lncx?ease of pressure during 
sedimentation would displace the grains be- 
fore they could, become bonded by highly con- 
solidated clay. Remolding is pressumed to 
destroy the connecting links between the large 
soil grains and to replace them by the uncon- 
solidated soft clay that fills the Interstic- 
es. Since the development of the links was de- 
pendent on the exceedingly slow process of se- 
dimentation, Casagrande was led to the con- 
clusion thSft, "if we destroy the structure 
which nature has taken many centuries to build 
up, we cannot restore it". 

A fundamentally different explanation of 
the manner In which undisturbed clays acquire 
their strength and rigidity has bean given by 
E. Tersaghi 2)« According to his theory, ths 
strength and rigidity are acquired ptim^rily 
by "slow physico-chemical processes" which 
are due to the surface activity of the miner- 
al grains. As a consequence of Its surface ac- 


tivity, each clay particle is surrounded by a 
shell of adsorbed water, almost solid near tha 
particle, and quite viscous within a somewhat 
gx^eater distance. During sedimentation, the 
mass of clay consolidates and the viscous lay- 
ers merge. Upon further consolidation, the 
solid parts of the water shells may come into 
contact and merge at a number of points in 
the clay mass and, as a consequence, the mass 
becomes stiff. Remolding breaks the contacts 
between the solid water shells, displaces the 
grains, and introduces viscous adsorbed water 
between them, whereupon the clay becomes plas- 
tic. 

Field evidences have been advanced in 
support of both conceptions Since these 
evidences have been questioned; laboratory 
experiments were designed to fuimish perti- 
nent data on the subject with the purpose of 
throwing some light on this much discussed 
problem, 

2. MATERIALS AND PROPERTIES . 

The results on four types of clay, iden- 
tified by their places of origin, are report- 
ed in this paper. 

Figures 1 to 4 give the grain-size dis- 
tribution and the mineralogical composition 
of those clays, plotted as a function of the 
size of the particles. The mlneraloglc^ com- 
position was determined by the differential 
thermal method of studying mineirals. 

Table 1 gives the physical properties of 
the clsy^s. The natural sensitivity indicated 
in column 4 denotes the ratio be'^een the un- 
confined compression strength of the undis- 
turbed material to the unconfined compression 
strength after remolding at constant water 
content . 

Figure 5 shows the stress-strain relation 
for unconfined compression testa of the clays 
in the undisturbed and remolded conditions at 
the same water content. The natural sensitiv- 
ity was derived from those tests taking as the 
strength of the remolded samples, An^ of those 
undisturbed that failed hy bulging, the stress 
corresponding to 10 % strain. 

5. PROCBDOHE OF TESTING . 

The investigation consisted of determin- 
ing the unconfined compression strength of the 
clays xdien, after cox^plete remolding, the ma- 
terial had been allowed to rest at constant 
water content for different periods of time. 
Tests of this kind were made for various wa- 
ter contents or relative consistencies of the 
materials (the relative consistency » r« c« - 
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FIG.2 

the ratio between the water content minus the 
plastic llmitf and the index of plasticity.)* 

For each type of clay enough material 
was mixed together to furnish a uniform mass 
sufficient for all the series of tests per- 
formed on It. This procedure was not followed 
in the case of the Laurentian clay, and as a 
consequence, the material employed was slight- 
ly different for the different series. The 
difference in the properties of the various 
Laurentian clay samples used was not great 
enou^ however to influence very prominently 
the results, and they can be compared between 
each other. 

nth each clay compression specimens were 
prepared in prismatic molds, Figure 6, con- 


FIG. 4 

sistlng of a bottom plate of glass, two Ir- 
shaped side plates of brass, and a top plate 
of glass. All the plates were lined with or- 
dinary waxed paper to avoid sticking of the 
clay to the mold. Later on this lining was 
substituted by a thin coat of mineral vase- 
line. 

One of the specimens so made was tested 
immediately after it had been molded (0-day 
test). The rest were sealed in their molds by 
welding the brass and glass plates together 
with a fillet of paraffin, and the entire as- 
sembly placed in a tin can containing paraf- 
fin pn the verge of solidifying. The tin can 
was later sealed full of paraffin. 

The specimens stored in this maxmer to 
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PHYSICAL HtOPBEHES OP CLAYS 


!^pe of 

clay 

(1) 

Specific 

gravity 

of 

solid 

natter 

(2) 

Natural 

water 

content 

% 

(3) 

Natural 

sensi- 

tivity 

(4) 

Liquid 

limit 

% 

(5) 

Plasticity 

index 

% 

(6) 

Origin 
of clay 
sample 

(7) 

Laurentian 

2*67 

CO 

14.0± 

66.0 

41.0 

Beauhamols , 
Quebec, Canada 

6 to 9 ft. 
below ground 

Detroit I 

2.73 

24^ 

2.5^ 

29.2 

12.7 

Detroit, U*S«A* 

40 to 70 ft. 
below ground 

Detroit II 

2.77 


6«0“ 

51.2 

26*4 

Detroit, IT.S.A* 

25 to 40 ft. 
below ground 

Mexico 

2.69 

54i 

5,oi 

60,8 

20*4 

Mexican Dam 

40 ft below crest 
of dam 


TABU 2 


UNCONFINED 

COMPRESSION T5BTS OK LAURENTIAN CLAT, 
( Relative consistency = 0*99 ) 

SERIES 1* 

Tested 
after a 
resting 
period of 
(days) 

(1) 

Water 

content 

% 

(2) 

Ultimate 
strength 
(for 10 % 
strain or 
less) 2 
(gm/cm*^) 

(3) 

Type of 

failure 

w 

Acquired 

sensitivity 

(5) 

0 

66.7 

25.7 

bulge 

shear 

1.0 

3 

66.5 

49.4 

and 1*92 

splitting 

7 

66.0 

51.0 

ti 

1.98 

14 

66.0 

56.2 

ti 

2.19 

28 

65.5 

63.0 

n 

2.45 

60 

65.0 

83.0 

n 

3.22 

120 

65.3 

90.1 

If 

3.51 

240 

65.5 

109.0 

ti 

4.25 

610 

65.6 

114.0 

It 

4.45 


keep them at constant water content « were tedb- 
Od after periods of rest of 5, 7, 14, 28, 60, 
etc. days to determine the Increase in strengtii 
they had experimented with respect to the spe^ 
cimen tested at 0 day. 

The procedure of testing gawe in general 
good results. The tests indicate, however, a 
slight general trend of the moisture content 
of the clay to decrease with age, due mainly 
to absorption of water by the paper. 

This decrease was small and did not influence 
practically the results. 

4. BBSOMS Og TBSTS . 

The test results are given in Tables 2 
to 5 oud Figures 7 to 15. The ultimate strength 


of the specimens that did not reach a maximum 
before, was taken as the stress con^spondlng 
to 10 % strain. The acquired sensitivity is 
the ratio between the ultimate strength of 
the clay after a certain period of rest and 
the same strength Immediately after the Re- 
dmans had been molded (0-day test). 

a) lyirentian cl^. 

The e^eriments on Laurentian clay com- 
prise 7 series testing the material at dif- 
ferent water contents. Series 1 constitutes 
the main series. Its results are given in 
Table 2, Figure 7 and Figure 8, Figure 7, 
that gives the stress-strain curves obtained 
for these tests, shows very plainly the tre- 
mendiouB increase on both strength and rigid- 
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Strain in per cenl* 
LaurezLtian cla^ tests. 


FIG. 7 
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Period of resh in days 


Acquired senattlvity as a function of the period 
of restoLaurentian clay tests. 

FIG. 8 

Ity that the clay ej^eriaiented, from the very 
heginning, when it was siaply allowed to rest 
at constant water content, sensitivity 
acquired after 610 days of rest reached a 
value of 4. 45 1 nearly one third of the natur- 
al sensitivity of the undisturbed material as 
given in Table 1. 

The results of Series 2 to 6 are given 
in Figure 6 and they indicate Increases in 
strength similar to those recorded in Series 
1. Series 7 was undertaken to determine the 
relation between the increase in strength and 
the relative consistency, after a fixed period 
of rest. Its results are given in Figure 9, 
where are also included results deducted from 
the other series. For Series 7» the 0-day 
strength was obtained after testing the spe- 
cimen that had tested, by remolding it at con- 
stant water content and testing it again. In 
this way, the influence of the small loss in 
moistuz^ esqperimented with time by the spe- 
cimens of the other series was entirely eli- 
minated. 

All the curves of Figure 9 indicate that, 
for a given period of rest, the relative in- 
crease in strength increases with the relat- 
ive consistency of the clay. In other words. 



l^ebl^ive consisfency 


Relation between relative consistency and acquire 
red sensitivity-Laurentian clay teats* 

FIG. 9 

in the range of consistencies tested, the 
rate of hardening increases with the water 
content. This phenomenon may partly explain 
the reason for the high natural water content 
of the Laurent ian clay, which was higher than 
any of those tested. If under the slow pro- 
cess of sedimentation and subsequent conso- 
lidation by which the clay strata was foimed, 
hardening could have taken place in a manner 
similar to that in the test specimens, the 
clay would have tended to stabilize itself at 
a critical water content for which the rate of 
hardening Is the greatest. This critical wa- 
ter content is evidently higher than any used 
in this investigation, but the natural water 
content of the clay Is also higher, 

b) Detroit I clay. 

Tests on Detroit I clay comprise four 
groups designated as Series a to d. The re- 
sults are given in Table 3 aSil Figures 10 to 
12. Table 5 and Figure 10 give the results of 


TABLE 3 


UHCONFI33ED 

COMPRESSION TESTS ON DETROIT I CLAT. 
( Relative consistency = 0.98 ) 

SERIES a. 

Tested 
after a 
resting 
period of 
(days) 

(1) 

Water 

content 

% 

(2) 

Ultimate 
strength 
(for 10 % 
strain or 
1688)2 
(gm/cm ) 

(3) 

Type of 

failure 

(4) 

Acquired 

sensitivity 

(5) 

0 

29.1 

34.2 

bulge 

1.0 

3 

29.1 

49.0 

ft 

1.43 

7 

29.0 

31*5 

It 

1.51 

14 

28.9 

49.4 

ft 

1.44 

28 

'28.9 

58.0 

n 

1.70 

60 

28.3 

68.6 

n 

2.00 

120 

28.6 

64.2 

n 

1.86 








Shrain in percenh 
Detroit I clay tescs. 

FIG.10 



Period of re»^ in days 

Acquired sensitivity as a function of the period 
of rest-Detroit I clay tests. 

FIG.11 


Series a that was the nain series of tests 
on this^^clay. 

The aaxLaum acquired sensitivity neasuiw 
ed in these series of tests reached a value 
a little over 2, 10, which compared with the na- 
tural sensitivity of about 2.5 of Table 1, 
indicates that this clay may regain with time 
a very great part of its original strength 
lost by remolding. 

The results given in Figure 12 are not 
extensive enough to permit a definite con- 
clusion, but they seem to indicate that this 
clay has its-mc^mum rate of hai^enlag for a 
water content near the liquid limit. The wa- 
ter content of the clay in the ground is 
smaller than this value. 

c) Detroit II clay. 

Only one Be3^es of tests was made on this 
clay, at a relative consistency a little 
hi^er than that corresponding to the nature 
al water content of the clay in the ground. 


a 4 o£ as 1.0 I.Z0 

PelaHve consistency 

Kelation between relative consistency and 
acquired sensitivity Detroit I clay tests. 



Sl^rain in percent 
Detroit II clay tests. 

FIG. 13 


The results are given in Table 4 and Figures 
13 and 14. 

The rate of increase on strength and 
rigidity was for this clay conparatively 
slower than for the other two types of clay 
already reported. Only after 240 days of rest 
the stress-strain curve acq:aired a shape sim- 
ilar to that of the undlsturtmd matexlal. The 
acquired sensitivity reached, however, values 
up to ^.36, about one third of the natural 
sensitivity of the undlstuAed material. 


d) Mo3c1co clay. 

Tests on this clay include only a short 
series whose results axe given in Table 5 and 
Figure 15. The increase in strength eiq^xi- 
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TABIB 4 


ONCOHFIHED COBPHESSION TESTS OK DETROIT II CLAI, 
( Relative conslateney = 0,9'^ ) 


Tested 
after a 
resting 
period of 
(days) 

(1) 

Water 

content 

% 

(2) 

Ultimate 
strength 
(for le % 
strain or 
less) 2 
(gm/^ ) 

(5) 

Type of Acquired 

failure sensitivily 

W (5) 

0 

50.7 

31.6 

bulge 

1.0 

5 

49.3 

40.6 

n 

bulge 

1.29 

7 

48.9 

37.7 

and 

splitting 

bulge 

1.19 

14 

50.2 

39.6 

shear and 
splitting 

1.25 

28 

49.8 

46.7 

ft 

bulge 

1.48 

60 

49.6 

50.2 

and 

shear 

1.59 

120 

50.5 

49.4 

n 

1.56 

240 

49.9 

67.0 


2.12 

410 

50.1 

74.5 

M 

2.36 

600 

48.9 

67.2 

shear 

2.13 


TABLE 5 


DNCONFIHED COltERESSION TESTS ON MEXICO CLAY 
( Relative ooneistency = 1.05 ) 

Tested 
after a 
resting 
period of 
(days) 

(1) 

Water 

content 

% 

(2) 

intimate 
strength 
(for 10 % 
strain or 
less) 
(gm/cm2) 

(3) 

Type of 

failure 

(4) 

Acquired 

sensitivity 

(5) 

0 

61.5 

44.4 

bulge 

1.0 

14 

— 

58.5 

ft 

bulge 

1.52 

28 


55.7 

and 

shear 

1.25 

60 

— — 

61.8 

ft 

1.39 


Hinted by the material during the SO-day ex- 
tension of this series was small when compaiv 
ed with the natural sensitivity of the clay. 
These results were rather disappointing 
cause the clay came from the core of a hy- 
draulic fill dam constructed many years ago, 
where a recent investigation showed that the 
consolidation of the clay core did not pro- 
ceed as would have been elected from exist- 
ing theories. The water content of the core, 
more than 50 years after construction, remain- 
ed practically independent of the depth below 
the crest at a value close to the liquid Umlt. 
Tet, the unconflned compressive strength was 
found to increase with depth and the strength 
of the matarlal near the base of the core at 


a depth of 80 ft. was nearly three times as 
great as the strength of the material in the 
upper part. 

It Is believed that the increase In 
strength escperimented by the remolded clays 
when kept at constant water content may part- 
ly explain that phenomenon. The results of 
this series of tests do not warrant complete- 
ly this ascertlon. The series of tests run la 
not extensive enough, however, to draw any 
conclusion. Besides, the testa on Detroit II 
clay indicate that if allowed to rest longer, 
the Mexico clay might still e^^riment con- 
siderable increases in its strength an d rlgld- 
Ity, should it behave aa the above mentioned 
material. 






Penod of rts^ in days 


Acquired sen8iti7it7 as a function of the period 
of rest-Detrott II clay testa# 

FIG.14 



SFroin in percent 


Mexico clay tests# 

FIG.15 

5. DlSCUSfilOW AMD CQNCLUSIOHB . 

The results of the tests Indicate that, 
if a clay that has lost a great part of its 
original unconfined coopressiTe strength 1^ 
a process of coB^lete renolding, is later 
kept for a certain period of tine at constant 
water content ^ the clay regains a sensible 
part of its lost stren^h* Depending on the 
type of clayt this phenomenon mayt in some 
cases, restore the gjreatest part of the origin* 
al strength of the undisturbed material. This 


fact is in complete contradiction with the 
theory that assigned most of the difference 
in strength between undistuzbed and remolded 
clays to a structure that being destroyed 
could newer be recovered. 

Since the clays did not have an opportun- 
ity to build up any kind of a structure, it 
must be admitted in order to explain the re- 
sults, that the period of rest pexmitted the 
clay to restore or in^rove the contacts among 
the shells of adsorbed water surrounding each 
particle, that were disturbed by remolding. 
This eiplanation is in agreement with Ter* 
zaghl*s concept of the cause of the strength 
and rigidity of undisturbed clays, referred 
to in Part 1. The results, however, do not 
warrant completely this concept. It is believ- 
ed that in the affirmative case, the thixo- 
tropic phenomena studied in this investigation 
should have, on the basis of the above h^o- 
thesis, restored practically all of the origin- 
al strength of the undisturbed clay. This was 
nearly so in the case of the Detroit I clay, 
but not so for the other materials tested. It 
remains no doubt, however, that the tests re- 
sults appear, to Indicate that a sensible part 
of the strength and rigidity of undistuibed 
clays depend on the physico-chemical process- 
es resulting from the surface activity of the 
mineral grains. 

The most important practical conclusions 
to be deducted from this investigation are as 
follows: 

a) The natural sensitivity may be a controll- 
ing clay property in some problems of soil 

mechanics such as landslides. It may not be 
of such significance in problems of founda- 
tion engineering where the critical period of 
behavior of the clay occurs some time after 
remolding has taken place. Since some clays 
may recover a sensible part of their strength 
in a relatively short time after remolding, 
the natural sensitivity may be no indication 
of the behavior of the soil. 

b) In all cases iu which the method of con- 
struction involves remolding of clay mate- 
rial, such as driving of piles in or through 
clay strata, the importance of remolding may 
be much less than what GasagraQde*s concept 
of the clay structure would suggest. 
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1. IMTRODUOTION . 

In 19 A2 following the collapse of a 
steel sheet pile wall in the Hoyal Clarence 
Yard at Gosport, the Admiralty requested the 
Building Research Station to report on the 
causes of failure and to advise on the re- 
design. IChree horings were made, in the po- 
sitions shown in Pig. 1* end they revealed 



FIG.1 

about 60 ft. of soft, post-glacial clay, over- 
lying the Bagshot Sands and London Clay. A 
number of undisturbed samples of the soft 
clay were obtained end tested in the labora- 
tory. Ihe results show that this stratum con- 
sists of a normally consolidated clay (as de- 
fined by Terzaghi 1941) In which the shear 
strength and preconsolidation load Increase 
with depth In a regular manner. This increase 
in strength and pre-consolidation load would 
be expected from general soil mechanics prin- 
ciples, yet the author does not know any other 
published examples giving complete data on a 
normally consolidated clay stratum. 

In contrast, however, there have been 
descriptions of several cases where a bed of 
clay which ml^t be ejected to be normally 
consolidated has shown no regular increase In 
strength with depth (Terzaghi 19^1t Oasagran- 
de 1944 (a) and 1944 (b)). 

Consequently the present results are publish- 
ed in order to show that the expected behavi- 
our of a normally consolidated clay can be 
observed in nature. If this conclusion is ac- 
cepted it follows that the other published 
results relate to strata which are not true 
normally consolidated clays, and that there 
must be a reason for their apparently anomal- 
ous behaviour. Casagrande (loc.clt) has sug- 

f ested one possible reason, involving the 
rylng of the clays to depths of ^ or 40 ft. 
below their surface. Whether this is correct 
or not, the Gosport clay at least shows the 
necessity for some such explanation of the 
anomalous strata, and discounts the assuiqtiGD 
that an approximately constant shear strength 
with depth is the standard behaviour pattern 
of geologically recent clays. 

‘2. GEOLOGY . 

from the borings made in the Royal Cla- 
rence Yard and from the records of several 


wells in the neighbourhood the geological 
section shown in Fig. 2 has been prepared.The 






Geological Section 

FIG. 2 


Bagshot Beds and the London Clay are of Ter- 
tiary Age. Overlying these deposits there is 
a thin bed of peat. A sample of this peat, 
from Borehole No .3 was submitted to Dr. H. 
Godwin F.R.S. for pollen analysis. He found 
(Godwin 1945) that the peat was of Fre-BoresL 
age; Zone IV in the British classification. 

At this period, about 9,000 or 10,000 years 
ago, the sea was substantially lower then at 
present. Various submerged peats around the 
coast show, however, that shortly after Zone 
IV peat was formed , a comparatively rapid 
rise in sea level took place end the soft 
clays found in many of the estuaries were 
deposited during this period. The marine 
transgression was probably almost coo^ilete 
by the end of Boreal times, roughly 7000 years 
ago; since idien only minor oscillation have 
occurred, with a general slight rise In sea 
level. Evidence from a peat surface at Amber- 
ley Wild Brooks, not far from Gosport,(GoM.n 
19^3) suggests that the transgression has not 
increased during the past 2000 years. 

The Gosport clay is therefore post-glac- 
ial in age; deposited mainly if not entirely 
during the Boreal transgression. 

Therefore there can be no doubt that It is 
fully consolidated under its own weight. In 
about 1890, however, a fill was placed on the 
clay, in the area of the borings, to -i* 6 0-D. 
and In 1936 bhe fill was raised by another 
two feet. 

5. BORINGS . 

The boring and sanqpllng operations were 
carried out by Messrs. Soil Mechanics Ltd. , un- 
der the supervision of Mr* H.J.B. Harding and 
the author. The boreholes were 6 ins. diame- 
ter, lined with casing tubes. Undisturbed 
samples were taken at the depths shown In 
Figs. 3>h and 5 with the tool described by 
Cooling (1946). This has a diameter of 4.% in. 
and an area ratio of 25%. Visual examination 
showed that distortion of the samples was 
limited to the outer 1/10 inch, although some 
slight disturbance of the clay Is inevitable 
in sampling owing to the change in stress con- 
ditions. 

In addition, small samples were taken at 
about every 2 or 5 in depth, for determin- 
ation of water, content and Atterberg Limits. 

The author also took two samples of the 
clay (sanqples F and G) where it was exposed on 
the foreshore, at low water mark. Here the 
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Bore no. 4 

FIG.5 


Bore no. 1 

FIG. 3 



FIG. 4 


Table I. 



Average 

Range 

Water content w 

56 

'te - 75 

Liquid Limit LL 

80 

62 -127 

Plastic Limit PI 

50 

25 - 50 

Consistency index ^ ~ 

C.48 

0.31 - 0,73 


Xn Boreholes X and 3 t:here Is a* general 
tendency for the Atterberg Limits to Increase 
with depth, hfut the water content remains es- 
sentially constant. The consistency index 
therefore Increases with depth. Xn Borehole 
4 no general drift can be seen. The variatioie 
in water content are reflected by variations 
in the Atterberg Limits to a very marked ex- 
tent. The relation between liquid limit and 
plasticity index, except for a few of the hiA 
liquid limit clays, is typical of that given 
by Gasagrande (194?) for inorganic clays. 

5- PAHTIGLE SIZE . 

Mechanical analyses were carried out on 
four sauries, all from Borehole No.l. The re- 
sults are given in Table II. 


TABLE II 


Sample 

Liquid 

Limit 

Pine sand 
.2— *06 mm 

Silt 
.06 - 
.002 mm 

clay 

<«002 mm 

HgOg 

loss 

H Cl 

loss 

1-2 

71 

2.9 

48.3 

42.6 

5.9 

0.3 

1-3 

65 

b.l 

44.7 

37.6 

5.4 

6.2 

1-5 

82 

0 

27.8 

50.9 

2.6 ; 

18.7 

1-6 

98 

0-3 

22.9 

59.0 

9.7 

8.1 


clay was very soft , and the samples were ob- 
tained by carefully pressing into the clay a 
thin walled tin tube 3 ins. diameter and 13 
ins, long. This tube had an area ratio of only 
4^ and the samples were not visibly disturbed 
in any way. 

4. ATTSRBBBa LTMTTy k m WATB^ qOHTBITP - 

Vater contents were determined on every 
test specimen and on each of the nwon saoqiles. 
Atterberg Limits were determined on at least 
two and in some oases on every teat specimen 
cut from the undisturbed sai^les and on each 
of the small sai^les. 

The results axd plotted in Figs. 3,4 and 
5« Average values and total ranges are given 
in Table X (excluding the forei^ore samples). 


These results show a definite correlation 
between liquid limit and cl^ fraction, typical 
of marine clay (Cooling 1946). They also show 
that the liquid limit is influenced more by the 
clay fraction than by the organic content 
(H2O2 loss) 

6. MIHBRAIOGY . 

!Ihe four samples on vdxieh mechanical ana- 
lyses had been made were submitted to Dr. 
Magelschmldt for X-ray analysis* For the idiole 
clays he found chiefly quarts and calclte, the 
oalclte content oorresponding rou^ly with the 
HGl loss given in Table II. For the clay frac- 
tion all the samples were similar and oonslst- 
ad of 50 - 70% Illlte end 30 - 30% Halloysite. 
There was a general and low-angle scattering 
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due 9tthMT to organic matter or amoxphous In^ 
organic material* No aontaorilloolte was found. 


7. SPBGIglC GRAVITY . 

Specific graYity determinations were car- 
ried out on seven samples* The average value 
was 2.67 with a range of 2*62 to 2*70. 


8. nvBHBtmPBN gRJSSSURg . 

In figs* ^ 5 the effective over- 

burden pressure before placlxig the fill is 
shown as a dotted line. The effective over- 
burden pressure, if consolidation under the 
fill had been complete, is also shown* In cal- 
culating these pressures the following den- 
sities have been adopted. 

fill above G.W.L. 105 lb/ft3 

fill below G.W.L. 65 

black clay and stones )be low 47 
grey clay )G.f.L. 42 

Consolidation under the fill, at the time 
of sampling, cannot be complete, ^wever,and 
the effective overburden pressure has there- 
fore been calculated from the theory of con- 
solidation (Tarzaghi and frohlich 1936}wTests 
showed a reasonably constant coefficient of 
consolidation equal to 0*004 cm^/min, and using 
this value it is an easy matter to estimate the 
effective pressure at any depth. The results 
are shown by the full lines in figs. 5, 4 and % 


9. PRS-CONSQXIDATION liOAP . 

Consolidation tests were carried out on 
five samples from the boreholes and on the two 
foreshore samples. Representative p - e curves 
are shown in fig, 6. These are typical of un- 
disturbed soft clays with a moderately high 
initial water content and an estimate of the 
pre-consolidating load can be found by the 
graphical construction suggested by Oasagrande 
ri956). In Table III these values are compared 
with the calculated effective overburden pres- 
sure; and also In figs. 4 and they are 
plotted on the same graph as that relating 
overburden pressure to depth* It will be seen 
that a reasonable agreement is obtained, pro- 
bably within the range of accuracy of the con- 
struction and the inevitable sli^t disturb- 
ance in sampling* 



FIG. 6 


The two foreshore samples gave definite 
pre-consolidation loads, which are assumed to 
be an indication of the capillary pressures 
existing in the clay at a depth of about 8 ins. 
The correlation between calculated and ex- 
perimental pre -consolidation load^ for the 
bore-hole samples is good evidence for the con- 
clusion that the stratum is a true normally 
consolidated clay. 

10. DEORRASB IN VOID RATIO WITH QVJSRBUHDiSN 
PRESSURE , 

Owing to the variations in liquid limit 


TABLE III 


Sample 

Depth 

Consistency 

Calculated 

Overburden 

Pressure 

Estimated 

Overburden 

Pressure 

(Casagrande) 

W 

LL 

PL 

LL - w 

P 

7 ins. 

77 

75 

29 

- *05 

- 

0.095 t/ft2 

a 

9 ins. 

74 

81 

30 

+ *14 

- 

0.095 

1-2 

21 ft. 

5* 

69 

25 

.34 

0,37 t/ft^ 

0*28 

1-6 

61 

60 

100 

36 

.62 

1.24 

1.22 

3-2 

19 

52 

71 

28 

*44 

0,34 

0.30 

3-7 

56 

60 

86 

33 

.49 

1.05 

0.84 

4-2 

17 

59 

81 

32 

.45 

0.32 

0.44 
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vith depth a plot of water content Cor void 
ratio) against overburden pressure would be of 
no value, Oonaequentlj the consistency index 
(L]>w)/(L£r*PL) was calculated for each saoqple 
and the water content was then found fbich 
gave this sane consistency index with average 


11, RHteAw RTOiwnro. 

Triaxlal compression tests carried out 
under different lateral pressures witb no wa* 
ter content change during the test showed an 
angle of ahearing reaiatanee equal to zero* 
^Typical results are given in Table I\r» 


TABIg IT 


Saxpl. 3-2 

IL = 82 EL = 29 

Sample 4-3 

LL * 107 PL = 36 

1 

<i - 

a 

Ok 

O', - 0 , 

B 

0 iWix? 

2.90 Ib/in^ 

61 

0 ID/ln^ 

4.7 Ib/ln^ 

70 

20 

2*94 

58 

10 

4.3 

68 

40 

2*88 

59 

20 

5.1 

73 




30 

4.8 

68 


liquid and plastic limits of 80 and 30 res- 
pectively* In this way the variations were 
smoothed out* 

The void ratio Ceater content x 2*67/100) 
calculated in this manner is plotted against 
overburden pressure in Fig. 7, As would be ex- 
pected there is a considerable scatter, but 
the general decrease in void ratio with in- 
creasing pressure is quite definite* 

The results are in good agreement with data 
on other clays of a similar type (Slcempton 
1944). 

Fortunately sample G from the foreshore 
and sample 4-2 both had a liquid limit almost 
exactly equal to the average value of SO, and 
results of the consolidation tests on these 
samples can therefore be compared directly 
with the data in Fig. 7« 

Referrlxig to Fig. 6 it will be seen that 
a "corrected" primary p - e curve has been 
drawn throu^ the two points corresponding to 
the natural void ratio and pre-consolidation 
load, and parallel to the experimental prir - 
mary curve • This represents an attempt to ob- 
tain, as far as a laboratory test is concern- 
ed, a true primary p -£ curve for the clay. 

The "corrected" curve is plotted in Fig. y and 
it is, rather surprisingly, found to agree 
well with the observed data* It is considered 
that this result constitutes a 8eco3ad. indic- 
ation that the clay is normally consolidated* 

The curves in Fig. 6 are also of interest 
in that they show that the primary curve of 
Sample 4—2, which was taken from a depth of 
17 ft* , is an almost exact continuation of the 
primary curve of sample G* A comparison of this 
nature is not often possible, owing to the rare 
chance of finding two samplea of the same 
stratum with the same liquid limit and with 
such widely different pre-consolidation loads. 

In contrast a p * £ curve obtained from 
a consolidation test carried out on the clay* 
remoulded with an initial water content equal 
to the liquid limit, lies well below the point. 

These results show that a teat made on 
the undisturbed clay, in the natural state in 
which it was deposited, corresponds closely 
to the actual cox&solldation under pressure in 
the ground, and that its structure is not 
seriously affected by the test* 



FIG.7 


Shear strength is thex^f ore equal to one- 
half compression strength and it was determin- 
ed by carrying out unconfined compression tests 
on at least tm specimens from each sample. In 
about half the samples the compression strengths 
of the clay after remoulding was also measured. 
The results are given in Table V. Remoulding 
index equals the ratio of remoulded to undis- 
turbed strength* 

In Fig* d(a) shear strength is plotted 
against calculated overburden pressure and, in 
Fig* 8(b) against pre-consolidation load. In 
both cases there is an approximately linear 
relationahip, represented by the equation 
c « p* tan 150 ■ 0.27 p* 
where l^^^ is the angle of shearing resistance 
of the clay* 

This linear relationship is a third in- 
dication that the clay is normally consolidat- 
ed* So far as the author is aware. Fig* 8 is 
the first published information on the in- 
crease in strength with overburden pressure 
obtained from field data on a thick stratum 
of cl»» 

The variation of strength with depth is 
shown in Fin* 3,4 and 3* increase with 
depth is q^te obvious, and is especially ap- 
parent when it la remembered that the fore- 
shore samples had a strength of only about 
lOOlb/ftZ. 














TABLB Y 


Sample 

Consistency 

Calculated 

Overburden 

Pressure 

lb/ft2 

Pte- 
con- 
Bold 
Load ^ 
lVft2 

Shear . 

Strength 

lb/ft2 

Remoulding 

Index 

w 

LL 

PL 

LL-* 

Ti=pr 

F - 1 

75 

73 

27 

-.06 

- 

Ml 

70 

- 

F - 2 

77 

75 

29 

-.05 

- 

210 

90 

- 

p - 3 

72 

77 

27 

+*10 

- 

- 

120 

0*23 

G 

73 

74 

28 

+.02 

- 

210 

85 

0.24 

1-2 

55 

73 

29 

.41 

830 

630 

190 

0.47 

1-3 

49 

66 

27 

*44 

1050 

- 

225 

0*51 

1-4. 

57 

76 

30 

.41 

1390 

- 

325 

0.41 

1-5 

51 

82 

34 

.65 

1970 

- 

595 

0.45 

1 - 6 

62 

98 

40 

.62 

2780 

2730 

735 

0.51 

5-2 

58 

82 

29 

.45 

760 

670 

210 

- 

5-3 

55 

77 

27 

.43 

960 

- 

160 

- 

3-4 

62 

94 

35 

.52 

1230 

- 

245 

- 

5-6 

50 

71 

28 

.49 

1910 

- 

390 

- 

3-7 

55 

86 

53 

.58 

2350 

1880 

440 

- 

GO 

1 

K^ 

70 

127 

50 

.74 

2920 

- 

975 

- 

4-2 

63 

96 

35 

.54 

710 

980 

260 

.43 

4-3 

69 

107 

36 

.53 

940 

- 

340 

.40 




Bdlation between Shear Strength and Consolidation 
pressure. 

FIG. 8 


The effect of remoulding seems to decrease 
with increasing strength. For the very -soft fore- 
shore samples the remoulding index is about 
0.23 I while for the deeper samples taken in 
the borings the index is about O.45. It will 
at once be asked whether this is not simply 
due to disturbance during sampling from the 
borings. Some slight disturbance is, of course, 
inevitable but the stability calculations on 
the embankment failure, described in the fol- 
lowing section, show that the drop in strength 
in the borehole samples is unlikely to be more 
than 10 per cent. 

In the author's opinion the true re- 
lation between shear strength and overburden 
pressure allowing for this possible disturb- 
ance may be 

c - p. tan 17® « 0.50 p. 
but is it improbable that the angle of shear- 
ing resistance could be appreciably higher. 

12. fiMBAmCfllNT ‘FAIHJ5B . 

The embankment shown in Fig. 1 and in 
Fig. 9 was built in 1^10 to a height of 8 ft. 
But immediately on reaching this height it 
.subsided catastrophically. It was rebuilt 
successfully by forming a gravel toe simul- 
taneously with the formation of the bank* 

In Fig* 9 the contours of shear strength 
have been drawn from the data in Fig* 8, and 
an analysis of stability has been made on the 
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■ 0 assumption. (Skempton 1948). It will be 
seen that the minimum factor of safety is 
0,93. The correct value should be 1.00 and it 
is therefore possible that the average 
strength of the clay has been underestimated 
by about 7 per-cent. This can probably be at- 
tributed 'to slight disturbance of the samples, 
as mentioned above, but in general the evid- 
ence provided by this failure lends support 
to the values of shear strength as measured 
in the laboratory, and the maximum effect of 
disturbance is probably not in excess of 10 
per-cent. 

13. WALL g^IUTRE, 

The analysis of the sheet pile wall was 
rather complicated but the result is in agree- 
ment with this conclusion. 

14. GOfiCLaSXOlfS. 

a) The following results show that the deep 
stratum of soft, post-glacial, clay at Gos- 
port is normally consolidated. 

1) the experimentally detemined pre-consolid- 
ation loads are of the same order as the ef- 
fective overburden pressures throughout the 
depth of the stratum 

2) the primary p-^urve derived from consolid- 
ation tests on the clay as deposited in its 
natural state agrees with the p- (relation de- 
duced from overburden pressxirea and water con- 
tents on saopXes taken from the boreholes. 

3) shear strength is directly proportional to 
overburden pressure, and hence also to pre- 
consolidation load. 


b) Shear strength c, corrected for possible 
disturbance on sampling, and overburden 
pressure p are related by the egression 
c • p tan 17® - 0.30 p» where 17® is the 
angle of shearing resistance of the clay. 

c) The clay is moderately sensitive to re- 
moulding, the sensitivity decreasing with 
increasing strength. 

AyKWQWI.KPGBMSNT . 

The data given in this paper is published 
by permission of the Director of Building Re- 
search, Department of Scientific and Indus- 
trial Research. 

The author is greatly indebted to Dr. 
Godwin F.R.S. and Dr.Kagelschmldt for their 
kindness In carrying out the pollen analysis 
and X-rey determinations* 
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STTOIES RELATING TO THB CLAY FRACTION OF COHSSIVS SOILS 3C) 


K.E, CLARS 

Department of scientific and industrial research 
Road Research Laboratory 


SUBtofiARY * 

This paper outlines the effect of the clay fraction on such engineering properties of co- 
hesive soils as the strength, compactibility and permeability, and refers to the physico-che- 
mical properties of individual clay particles which are important in this connexion* 

Experimental results and data obtained at the Road Research Labor atoi^ relating to the pro- 
perties of the clay fraction are presented. These include results of Liquid and Plastic Limit 
tests, which have been grouped according to the general geological areas from which the soils 
were taken, vvhen the Liquid Limits were plotted against the Plasticity Indices for particular 
groups, it was found that there were two relationships corresponding to the equations 
PI = 0.75(LL - 15) and PI = 0,8(LL - 15). 

Tests are also described in which samples of soil free from organic matter and carbonates 
were ignited to about 800^0, and the loss in weight expressed as a percentage of the total soil 
and of the clay fraction, i.'ith British soils most of the loss appears to take place in the clay 
fraction, the values falling into two distinct groups which are thought to correspond to differ- 
ent chemical and miner alogical groups. The loss during ignition of some of the other soils stud- 
ied, particularly those of morainic origin from Scandinavia appears to be uniformly distributed 
throughout the soil fraction, from which it is inferred that the clay fractions of these soils 
contain particles derived from the primary weathering of rocks. The minerals in the clay frac- 
tions of British soils, however, presumably contain the more hydrated products of secondary 
weathering. 

Data are included that were obtained with a method for determining the particle size distri- 
bution of the coarser clay particles, involving the use of a hypodermic syringe for sampling sed- 
imenting clay suspensions, and some preparatory work in this investigation indicates the effect 
of the variation of the dispersing agent concentration on the deflocculation of suspensions of 
kaolin and montmorillonite clays. 

Finally electron micrographs taken at the National Physical Laboratory of various types of 
clay particles are shown. 


IWTRQDOCTIQW . 

This paper outlines the effects of the 
clay fraction (particles smaller than 0.002 
mm equivalent diameter) on the engineering 
propex^les of cohesive soils, and indicates 
how these effects depend on the physico-chem- 
ical characteristics of the individual clay 
particles. The results of some preliminary 
Investigations undertaken at the Road Research 
Laboratory and having a bearing on this sub- 
ject are presented. 


effect of the clay FRACTKa? ON THE ENGINEER- 
ING PROPERTIES OF OQHESIVE SOILS . 

From a consideration of the results of 
measurements of the engineering properties of 
cohesive soils in relation to their particle 
size analyses, it is possible to draw certain 
general inferences as to the effect of the 
clay fraction on these properties. 

Thus, the ma;}or part of the mechanical 
strei^th of cohesive soils is derived from 
films of water surrounding the clay particles. 
When such soils are relatively dry, these 
films are thin and impart a high strength to 
the soil structure. An increase in moisture 
content, increases the film thickness result- 
ing in a loss in strength, and the stability 
is therefore considerably dependent on the 
moisture content. This component of the stabib- 
ity is referred to as the cohesion, and is 
almost entirely a function of the clay frac- 
tion. 

In the case of compaction, the results 
obtained with the standard compactlbn test in- 
dicate that soils having a hi^ clay content 
cannot be compacted to such hlg^ d^sities as 
soils containing lesa clay, presumably due to 
the increased cohesion between the particles. 


The average pore size in cohesive soils 
is less than that in granular soils, and their 
permeability is therefore less. The consolid- 
ation properties and the susceptibility of 
such soils to damage by frost, as well as 
their drainage characteristics are dependent 
on the permeability, and therefore inUrectly 
on the clay content. 

The water films surrounding the clay 
particles have a tendency to grow at the ex- 
pense of free, capillary water and therefore 
contribute considerably to the soil suction 
(pF), differences between irtiich cause moisture 
movements in unsaturated soil. When the films 
grow, the volume of the particles, and hence 
the bulk volume of the soil, increases, and 
when they diminish due to the drying of the 
soil, the particle volumes decrease. The phe- 
nomena of swelling and shrinkage are thus in- 
timately bound up with the clay fraction, 

PHYSICO-CHEMICAL CHARACTERISTICS OF CLAY PART- 
ICLES . 

The behaviour of the clay fraction in 
relation to the properties indicated above is 
determined by the phy8ico-<^emicaI character- 
istics of the individual clay particles. 

Amongst the more isportant of these la the 
surface area, which is dependent on the. size 
and shape of the particles. Both these factors 
may alter in certain types of clay mineral, 
owing to an eiqpansion or contraction of the 
particles, depending on the composition of the 
surrounding solution. Further, many of the ef- 
fects of the clay fraction on tiLeoehavlour 
of the soil mass may be explained by the exist- 
ence of a thin film of adsorbed water on the 
surfaces of the cla^ particles. The properties 

Kotej Crown Copyrl^t reserved. 
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of these adsorbed films will depend upon the 
mineralogical and chemical con^osition of the 
clay particles as well as the quantity and 
nature of any ions adsorbed on their surfaces. 

RESUIgS OP INVESTIGATIONS HAVING A BSAHiyG OH 
3BK CLAY PROBIEM . 

In the course of soil investigations at 
the Road Research Laboratory, resiats have 
been obtained having a bearing on the clay 
problem, and relevant data have also been col- 
lected during the routine examinations of soils 
at the Laboratory. A review of these results 
and data are given below. 

1 . ANALYSIS OP LIi^tJID ASP PLASTIG LIMIO? DATA . 

These test were performed according to 
the A.S.T.M, procedxxre, 1) 2) 

Both the Liquid and Plastic Limit are 
known to be dependent on the amount and t^e 
of the clay fraction in a soil, but the differ- 
ence between them, the Plasticity Index is a 
function of the amount of clay only xa). 
Therefore, if the Liquid Limits of a number of 
different soils are plotted against tbeir 
Plasticity Indices, any variation in the re- 
lationship between these factors will be due 
to the presence of different types of clay 
mineral in the soils. This forms the basis for 
some of the soil classification systems used 
in Soil Mechanics, the most widely known being 
that due to A. Casagrande. 3) 

Pigs, la, lb and Ic show the results of 
Plasticity tests on a la^e number of B]?ltlsh 
soils plotted in this way, and grouped accord- 
ing to the general geological areas from which 
they were taken. The equations corresponding 
to the relationships for a number of such 
groups are given in Table 1. 

Table 1. 


Equations to the Plasticity Index/Liquid Limit 
relationships obtained for some groups 
of British soils. 


Recent and Pleistocene 

PI 

- 0,74(LL-17) 

Oligocene and Eocene 

PI 

. 0.74(LL-13) 

Upper and Lower Greensand 



and Gault 

PI 

- 0.82(LL-17) 

Chalk and Wealden 

PI 

■ O.SOCLIr-lSy 

Oolitic and Liasslc 

PI 

- 0.75CLL-15) 

ASarl and Sandstone 

PI 

- 0.72(LL-15) 


PI • Plasticity Index 
LL Liquid Limit 

It will be noted that although all the 
equations are similar, there appear to be two 
relationships corresponding to PI ■ 0,75(LL-15) 
and PI » 0.60(LL - 13) approximately, but it 
is difficult to say whether these differences 
are significant, bearing in mind the possible 
experimental errors in simple tests of this 
type and the considerable scatter of the points. 
This variation In relation to the clay content, 
is brought out in Pig. 2, vdiich shiows the Liq- 
uid and Plastic Limits of the Oolitic and Llas- 
sic group plotted against the clay contents. 




LIQUID LIMIT - per cent 
I 3 Upper and Lower Greensand axkd Gault 



2. ANALYSIS OP LOSS ON IGNITION DATA . 

Data obtained from loss on ignition de- 
terminations have also been examined in an at- 


L.P. Cooling and A.W. Skdmpton have 
correlated the liquid limit and the clay 
fraction. (L«P, Cooling ''The development 
and scope of soil mechanics" Instn. Civ. 

Eng. 19^). 


C Oolitic and Llassic 

Relations between Atterberg plasticity index and 
liquid limit for three groups of English clays. 

FIG.1 
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MOISTDHB COBTBIT-- cant of drj soil wei^t 
RoXstlon Oetvosn clay content and ittarbarg 
lloold and plastic Halts for soils In oolitic 
and Hassle araas* 

FIG.2 

taimt to classify clays. Sadias of soilidzlad 
at l05^C.t from which carbonates and orga^c 
matexiai had been remoYed« ware heated to tam- 
peratures between 700^0. - 800^0. an electric 
furnace y and the loss In weight determined. 

Since the silt and sand fractions of most Brit- 
ish soils are belieTed to contain .only part- 
icles of silica or primary silicates derlTed 
from igneous rocks, it was assumed that all the 
loss on Ignition would be from Aecondaxy hyd^ 
ated alumine-BiHcates of the types found among 
the clay minerals. The loss In weight was there- 
fore calculated as a percentage of the fraction 
having equivalent particle diameters less than 
two microns the proportion of which had pre- 
viously been obtained from a particle else ^ 
alysls. The results of these calculations are 
given in Table 2. 


Table 2, 


Ignition losses of some British cohssivs soils. 


Geological 

Group 

Humber of Lose at a 
Samples percental 
tested of the clay 

content 

Recent and Pleistocene 

3 

15 

OllMcene and Eocene 

2 

14 

Wealden 

3 

21 

Lower Greensand and 



Gault 

2 

14 

Oolitic and Liassic 

2 (1) 

20 (13) 


Three other soils from Marl and Uagneslan 
Limestone areas gave values of 15%, 14^ and 
respectively. 

The results suggest that again there may 
be two main groups, one ^vlng a loss of about 
14^ and the other about 209( on Ignition, com- 
parable to the two Hquld Xdmlt/Plaatlclty 
Index relationships. However, If the geologic- 
al grouping used Is accepted and the resulte 
coi^axed with those given in Table I, it will 
be noted that therm are certain differences. 
Thus, while aoils from Recent and Pleistocene, 
Oligoeena and Hooene, and Marl areaji and one 
soil from the Oolitic and Idassic airaas gave 
ignition losses of approxiaately 14^ corres- 
ponding to a slope of 0,75 on the LL/Fl line, 
the two soils from the Greensand and Gault 


area gave the same loss but had a slops of 
0.80. The Wealden soils appeared to have en- 
tirely different characteidbstlcs in both res- 
pects, i.e., a loss on ignition of 21^ and a 
slope of O.w, Tbeae dlecrepaneles may be due 
to incorrect geological classification, or to 
the fact that this classification was not_made 
with the use of the detailed drift map, hut 
was based on the geological type of the under- 
lying strata. 

A second, rather more extensive, series 
of eiqperiments was made with eoile of known 
mlnei^ content from Britain, and with soils 
from Surope, Asia and Afric^. The results, 
shown in Table 3, are given as the total loss 
on Ignition of the whole soli, end the ignit- 
ion lose as a percentage of the clay content. 

It will he seen that the total loss of 
the kaolin claye from St. Austell was constant 
at about 13 - 14^, ehereas the losses in terms 
of the clay contents were variable. This sug- 
gests that the whole soil and not merely the 
clay fraction contains kaolinite. Similarly, 
the moraine soils from Scandinavia gave a con- 
stant, rather low, total loss of 3 - 4^,which 
was alao variable when expressed as a percent- 
age of the clay fraction. In this case the 
clay fraction probably consists of the same 
material as the sand and silt cooqponents, that 
is, comminuted primary rock fraCTsnts derived 
from gneisees and granites by glaciation. 

A eozistant total lose of ^ was generally 
obtained for the 8a]^)lee from West and South 
Africa, but tbe soils from Korth Africa ap- 
peared to contain more berated minerals, giv- 
ing total losses of 6 - It does not appear 
possible to relate these losses to the clay 
contents of the soils, however. 

. The kaolin clay from Hong Hong had a 
similar percentage loss, on the clay content 
basis, as the total loss figures for the Brit- 
ish kaolin clays, suggesting that in this case 
kaolinite was only present In the clay fraction. 

Further ignition tests were made on the 
clay fractions isolated from a number of co- 


hesive soils. The clay was separated by secSi- 
menting suspensions of the eoile dispersed 
with sodium oxalate, and converted to hydro- 
gen-clay by leaching first with dilute acid 
and then with water. The ignition tests were 
performed in duplicate on the day, after dry- 
ing at 103^0. and the results axe shown In 
Table 4- below: 


Table 4 

Ignition losses on the c].ay fractions (<0.CX)2u) 
of some cohesive soils. 


Soil 

Source Ignition 

loss % 

Kaolin clay, 
Montmorlllonite 

St. Austell, Cornwall 

14 

day. 

Redhill, Surrey 

9 

Geult day, 
Oolitic clay. 

Culhea, Oxfordshire 

12 

Stewaxtby, Bedfordshire 

15 

Moraine clay, 

Gothenburg, Sweden 

.4 


Greyvillers, France 

8 

Laterltic clay, 

Cepe Province, South 


Africa 

7 


These results confirm the figure of 14% 
loss for kaolin day, and the value of 4% for 
the moraine clays from Scandinavia. The mont- 
Aorillonite clay had a very low loss (9%), 
which appears to correspond with that calcul- 
ated for the allavial clay from Denmark 
(Table 3)} and poasiblv idlth the day fraction 
of the soil from Gieyvlllers. 

The ignition losses of the Oolitic axxd 






15 ^ 


TABIB 3 


Igpoltion losses of sone cohesive soils 


Soil Source Clay 

content 

(<0.CI02U) 

% 

Ignition 

loss 

% 

Loss as a 
percentage 
of the clay 
content 

% 

Great Britain 




Kaolin clay, St. Austell, 

'^5 

15 

29 

Cornwall 




W It ♦* 

72 

13 

18 

tr If •» 

92 ^ 

14 

15 

Hontmorillonite Redhill, 

11 

8 

73 

clay, Surrey 




« It ^ 11 

35 

11 

31 

*) Clay content not reliable 




Scandinavia 




Alluvial clay, R^jle, Denmark 

75 

7 

9 

” sand, - y Denmark 

20 

1 

5 

Moraine clay, - , Denmark 

14* 

3 

21 

** ” , Kungsbacka, Sweden 

^5 

5 

7 

” " , Gothenburg, Sweden 

68 

4 

6 

” ” , Stockholm, Sweden 

63 

4 

6 

” ” , Trondhjem, Norway 

12 

3 

25 

Western Europe 




, Cologne, Germany 

12 

3 

25 

, Grey^llers, France 

8 

2 

25 

Africa 




, DuzAre, Tunisia 

15 

6 

40 

, Souk-el-Arba, Tunisia 

35 

8 

23 

, Oudemaine, Algeria 

26 

8 

31 

— - , Philippevile, Algeria 

69 

12 

18 

— - , — - , Gambia 

14 

9 

64 

Brikama, Gambia 

27 

4 

15 

, YundTom, Gambia 

26 

4 

15 

, Tow* a River, South 

8 

4 

50 

Africa 




Laterltlc Cape Province, South 

54 

4 

12 

clay, Africa 




Asia 




• * Hongkong 

22 

8 

36 

Kaolin clay, — — , Hon^ong 

40 

6 

15 

Decomposed Klatak , Hon^ong 

21 

7 

33 

granite, 




»» « , , Hon^ong 

10 

5 

50 


Gault clay fractions were both soaewhat lower 
than the values obtained by the ignition of 
the comlete soils fion these areas (Table 2), 
sucmsting that soae additional losses oecur- 
r^rin the silt fractions. This is also the 
ease with the laterltlc clay from South Africa. 

PAgPlCIB SIZB AKALTSIS BY 
ATIOW ISTHOD. 

A aoare fundaaental approach is to con- 
sider the else distribution and shape of the 


particles in the clay fraction. Sone prelimin- 
ary work on these lines has been carried out 
at the Road Sesearch Labors tory^ using a modi- 
fication of the usual sedimentation technique 
for particle sise analysis. 

7or this purpose, it was first necessary 
to obtain some idea of the correct amount of 
dispersing agent to eaplor in order to obtain 
mariaum dispersion. A series of eiqperiaents 
was therefore made in idiich the particle size 
distributions of a kaolin clay soil and a 
aontmorillonite clay soil were detemlnedi 
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Effect of eodlum oxalate concentration on apparent 
clay content in particle size analysis of kad Unite 
montmorlllonite clays* 


FIG.3 


using vaiylng quantities of sodium oxalate as 
the deflocculating agent. A series of experi- 
ments was also made with the kaolin clay us- 
ing sodium hexametaphosphate for dispersion. 
The sedimentation analysis was done in the 
manner, esq^loyed at the Road Research Labora- 
tory for routine testing. In this, an Andrea- 
sen pipette is used for taking samples of a 
suspension containing 10 gm of soil in 500 cc^ 
The z^sults of the experiments with so- 
dium oxalate are shown in Fig. 3, The experi- 
ments with sodium hexametaphosphate are not 
shown, as the results obtained were almost 
the same as those obtained with the oxalate. 
It will be seen that a maximum dispersion of 
the kaolin clay occurred over a range of con- 
centrations of from 0.1 to O.A gm of oxalate, 
for approximately 9 ©ai of clay particles. On 
the other hand, the dispersion of themiont- 
morlllonlte cl^ increased slowly with the 
concentration of dispersing agent, until a 
maximum was reached corresponding to 0.9 
of sodium oxalate for about 4 gm of clay. It 
appears, therefore, that unit weight of the 
montmorlllonite clay requires about twenty 
times the quantity of dispersing agent needed 
by the kaolin to produce maximum' def loccula- 
tlon. It was also concluded that 0.1 gm of 
sodium oxalate could be used to def locculate 
10 gm of a kaolin clay of this type having a 
clay content in the range 22 ^ - 9^ under the 
experimental conditions employed. It was felt 
that such a generalization coul^ not be ap- 
plied to montmorlllonite clays and that sep- 
rate experiments to determine the optimum as- 
persing agent concentration are required for 
each soil. 

The appai^tus constructed for extending 
the jpartlcle else analysis Into the clay 
frac^on is shown in Fig. 4. The technique 
employed is similar to that used by Puii and 
Puri 4) and S.W. Russell 5). 

The sampli^ device consists of a 10 ml. 



Ulcro-sedlmentatlon apparatus for particle size 
analysis of clay soils using a byp^emic syringe 

FIG.4 
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bypodermlc syringe, the tip of lAiicli can ^ 
set at various depths below the surface of 
the suspension with an accuracy of 0,01 cm* 

A sample of approximately 1 ml is taken from 
a d^th of 1 cm after appropriate periods of 
sedimentation, and discharged into a wei^d 
glass welgliing bottle. The weie^t (and hence 
the volume) of the aqueous ccnponent of the 
sample is determined from the loss In weight 
after drying at 105®C. The wei^t of the sol- 
id residue is also deteiminedi from which the 
volume of the solid component of the sample 
can be calculated, knowing the ^ecific gra- 
vity of the particles and allowing for the 
presence of the Aspersing agent. The con- 
centration of the suspension in the sample 
is then calculated in the ordidarjr way, from 
the weight of the particlea and the total 
volume of the sample. 

This technlqua has been compared with the 
normal method for particles of 0,CX)6 mm and 
0.002 mm equivalent dismeters, aM the two 
procedures were fouxid to give results that 
differed by not more than 1% of material in 
the case or two soils investigated. The ac- 
curacy of the syringe was found to be of this 
order even at sai^ling d^ths of 2 mm. 

In a preliminary investigation the meth- 
od was used to detemine the sise distribution 
in the coarser part of the clay fractions of 
the kaolin and montmorillonite clays previous- 
ly referred to. The quantities of sodium oxa- 
late employed for deflocculation were those 
giving maximum dispersion. The results (Fig. 

5) show the size distribution in the range 


Ui 
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Size distribution in clay particles from kaolin 
and montmorillonita soils* 


FIG.5 


2,0 - 0,2 microns squivslest particle diame- 
ter (1 micron » 0,001 Bm)*'Xt will be seen 
that tbs particle diameter decreased very 
rmidly in tba kaolin clay below 2,0 microna, 
bvrc that about 80^ of tbs montmorillonite 
particles were smaller than 0,2 microns equi- 
valent diaxneter. 

4, BiaCTBDIT MICROGRAPHS OF CUT PABTICIflS , 

Attempts have been made to study tbs 
shepe and aise of particles of clay to means 
of the electron microscope, and for tnia pur- 
pose tha Metallurgical Division of the Natlm- 
al Physical Laboratoxy has taken 46 photo- 
graphs of clays from eight BrLtisb soils sup- 
plied by the Road Research Laboratoxy. Samples 
of the fraction having equivalent particle 
diameters smaller than 2 microns were prepar- 
ed from the complete soils by sedimentation. 
For the examination, a small quantity of this 
material was shaken up In a H/loo sodium ci- 
trate Solution, a drop of which was allowed 
to dxy on the thin nitro-cellulose fUa that 
forms ^^e object support in the micaroscope. 

The dispersing agent was then removed by 
washing the specimens in distilled water. 

Figs. 6 and 7 show the photographs ob- 
tained with clay fractions from five differ- 
ent localities, the lines at the side of each 
photograph representing a length of 2 microns 
at the magnification given. Sharp outlines 
were in general only obtained with the larger 
particles (>lu} but the thin plate-like nature 
of tbs particles is evident from the transpar* 
ent Images. However, in spite of the blurred 
nature of the outlines, two facts may be not- 
ed regarding the larger particles. One is the 
frequent occurrence of the 120^ interfacial 
angle at the crystal edges, which may be 
found In all the photographs to some extent, 
but which is particularly visible in the sam- 
ples from Cheddlxigton (6c) and Brentwood (7d). 
The resulting similarity to micrographs of 
china clay and kaolin obtained both at the 
National Physical Laboratory and elsewhere, 
suggests that a proportion of kaolin-type 
minerals may be present in all the clays ex- 
amined, and although the evidence is Incon- 
clusive it tends to support the evidence ob- 
tained from the loss on ignition detexmin - 
ations. More experimental work is required, 
however, before definite conclusions can be 
reached. The second point of interest is the 
occurrence of xodUshaped particles in the 
sanDles from Gheddlngton (6c) and Brentwood 
(7d), four such particles being distinctly 
visible In the latter. The large elongated 
particle in Fig. 6c idilcb is O.Syi long is 
very similar to the particles of halloysite 
shown by Shaw and Humbert in a recent paper 
to the American Society of Soil Science 6). 

ACOOWiaDGBMKNT . 

Tba work described In this paper was 
carried out at the Road Research Laboratoxy of 
the Dapaxtmwxt of Sciamtific and Industrial. 
Research as part of the programme of the Road 
Research Board. The paper is presented by per- 
mission of the Director of Road Research, 
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T,]|« Standards Part II. Non-metalllc mate- 
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2) Standard method of test for Plastic Llalt 




(a) Selby, lorka x I3.OOO 


(b) Selby, Yorks x 9*000 





(c) Cheddlngton, Bucks x 13.OOO 


(d) Cbeddington, Bucks x 9*000 

Electron micrographs of the 2 equivalent 
particle diameter fraction of some English clays. 

FIG.6 



(a) Kaid stone, Kent x 13.OOO 


(b) Maidstone, Kent x 9 . 000 



(c) Laindon, Essex x I3.OOO (d) Brentwood, Essex x 9.OOO 

Electron micrographs of the 2 equivalent 
particle diameter fraction of some English clays. 

FIG .7 
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AN EXPERIMEHTAL STUDY OP THE MAXIMUM ABD MINIMOM POROSITIES OF SARDS 

J.J. K0LBUS2E1SSKI DIPL.ING. 

Imperial College, Ifniversity of. London 


INTRODUCTION . 

This paper presents the results of re- 
search to determine limiting porosities for 
any given sand. 

These limiting porosities (marlmum and 
minimum) if obtained by simple and reliable 
methods should provide convenient and useful 
values not only for the description of a sand 
but should serve as criteria for its expected 
behaviour, in other words should provide the 
same sort of comparable values as Atterberg's 
limits in case of clays* 

It may, for example, he known that the 
porosity of sand in the field is n^, but by 
Itself this value conveys little, and for its 
significance to become apparent it must be re- 
lated to the maximum and minimum 
porosities at idilch the sand can exist in 
stable packing. 

The main factors idiich have been consider- 
ed in this study include llie size of measuring 
vessel, the rate of pouring, the difference 
between pouring in air and water, the influ- 
ence of tamping and vibration. Many tests were 
run to study these factors and the results 
were averaged so as to assure representative 
values* Bvexy effort was made to keep all 
other minor variables constant (temperature, 
moisture content) • 

In all experiments special care was taken 
to repeat exactly the developed techniques* 

A limited number of tests have been run 
to obtain supplemedtary information* 

It must be clearly recognized that some 
of the results will require further investig- 
ation in order to complete the general picture 
of the research since this appears to be a 
first attempt to deal systematically with this 
problem. 

THS SAND SAMPT^^ - 


3. stone Court 

4, Stone Court 
5* Stone Court 
6. Ham River 


52 - 100 B*S.S. 
Medium-Uniform 
Well-graded 
25 - 52 B.S.S; 


Fig* 1 shows grain distribution curves for 
all of these sands. The roundness and spheric- 
ity of the grains were determined by inspec- 
tion of the projected shapes, as outlined by 
KRUMBEIN 8) and 9)- 


SAND 

Mean 

Round- 

ness 

Mean 

Sphsrio 

ity 

1, Leighton Buzzard 18 - 25 

0«5 

0*840 

2. Stone Court 18 - 25 

0«5 

0*803 

3* Stone Court 52 - 100 

0«3 

0*787 

4* Stone Court Med*-Unlf • 

0*3 

0*800 

5* Stone Court Well-Graded 

0*3 ' 

0*786 

6* Ham - River 25 - 52 

0*4 

0*772 


Specific gravities of the Sands are; 

Leighton Buzzard 2.' 6 
Stone Coxart 2*7 

Ham River ‘ 2*7 

Other Sands have been used for checking the 
results and techniques* 

LOOSE PACKING . 

PouriM in Air * 

' At "an early stage of the research it- waa 
found that quick pouring of the same quantity 
(weight) of sand through air results u hjigher 
porosities than those obtained by slow pouring* 
A series of tests thus were carried out 
and special techniques developed to izrvestigate 
the rate of pouring through air* 

The final techklque was as follows: 


The sands which have been used are as 
follows: 

1* Lei^ton Buzzard 18 - 23 B.S.S* 
2* Stone Coinrt 18 - 25 B«S«S* 


1* Apparatus (see diagram No* 2) 

The apparatus consisted of the following: 
a) A series of paper funnels perforated to 
provide an uniform rain of sand partlc- 





Sandfl used in the experiments* 

FIG.1 




XiSighton Buzzard 16/25 B.S.S* 

FIG,3 



(I ) PERFORATED 
^ ' PAPER 

FUNNEL 

' 2 ) 2000 CCS. CL 

CYL. 


(3) STAND 


Xes and permitting control of the time of 
pouring* 

b) filaes gradustes* 

i) 'Tolme lOOOces* hscvlng 2^ in diameter 
11) TOlma 2000CC8* haring 3” ^ diameter 

o) Laboratory stand vith funnel support, 
suitable for changing hei^t of pouring 
from 0 to 6 feet. 

grocedure . 

A sample veighlng lOOOgma. taken from the 
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Stonecourt 52/100 
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Ham river sands 25/32 B.S.S* 


have been plotted against time of pouring for 
each height of pouring. 

Undoubtedly the helghton Bussard Sand 
shoved the greatest response to saiall changes 
of time of poturing and was the most difficult 
material from the point of viev of repeating 
results. This seems to be very Important as 
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Leighton Bossord Band la haing used as a 
Standard for field Toloaa and other naaenra- 
aaixta. 

The nora angular Stone Court and Han 
Bivar sends were nora satief aetoxj fron this 
point of viav and ganarallj speaking sands 
poesessing high roundnass and hl^ spharicitj 
appear to ha nora sansitlTO than those with 
both Taluas of lower degree* 

As has hean montlonad it Is waxy Inpor* 
tent that the technique should he exactly re- 
peated* Any slight dfsturhancas during the 
test - for ezanpla idian taking readings of 
Toluna-nay distwh ssj^ structure and giTo 
Inaccurate results* 

It will at once ha seen tron Figs 3»A and 
5 that the rate of curing and the hai^t of 
toop hare a profound influence on the porosity* 
For any given height of drop the poronty de- 
creases with tine of pouring » to sone liidting 
value I and this limiting vuue itself tends to 
decrease with increasing height of drop» at 
least up to 6 ft* Indications were obtained 
that further increase in height produced 
little or even negative effects* 

Xhese phenomena appear to he of consider- 
able inport ance, especially in laboratory work 
on sands • and they are at present being nore 
fully investigated* The porosities obtained in 
lOOOccs, glass cylinder t2"dia) are in general 
slightly higher than those obtained In Sooocss 
glass cylinder C3"dia)* This was investigated 
separately and is reported below* 

Since it had been shown that the porosity 
increased with decreasing tine of pouring it 
was decided after discussion with &of*£fcenpton 
to try a very sinple technique involving the 
following procedure: 



FIG. 6 
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Place lOOOgM. of aa&d In a 2000cc8. cy- 
linder (3 dia; and place a stopper In the ton 
of the cylinder. Tip the cylinder upside dosn, 
and then qpolckly tilt it hack to its original 
vertical position. The porosities obtained in 
this way corresponded reasonably closely to 
the Holt towards idxich the curves in Figs 
3,4 and 5 are tending for zero time of pouring 
IThe test can be easily repeated many times and 
it is therefore suggested that it could be 
adopted as a standard method for obtaining the 
loosest packing. As will be seen later very 
slightly greater porosities can be obtained 
by depositing the sand through water, but the 
differences are not important from a practical 
point of view. 


Pouriy in Water , 

Ordinary tap water was used for this part 
of experiments, having room temperature. The 
raxige of temperature in the laboratory was very 
small and could not have any effect in the re- 
sults, It is necessary to point out that the 
effect of comparatively big changes in temper 
ature, in this part of tests, was not inves- 
tigated. 

Attention was given to the effect of en- 
trapped air when |K}uring sand through water 
and a special device was developped for pour- 
ing without air (see Fig, 6), 

The results obtained by pouring sand 
through water with (Fig, 7) and without en- 
trapped air are shown on Fig, 8* In all cases 


SANDS: 


+ SI Cl. S t -lOO 
A IT CT, J* “ JJ 


• ST. CT, M. UH. 


, L ». !• - 25 

« H. R. 2 S > S 2 
)t ST CT *. C* 


FIG. 8 



the porosities are lower idien no air has been 
trapped, but the di^erences were not great 
except for Leighton Buzzard Sand, possessli^g 
hi^ roundness and high spherlci% which shows 
again "sensitiveness”. 

It has been ZK)ted that in case of Leigh- 
ton Buzzard Sand the air bubbles (see Fig* 9) 
are being formed not only at the surface of 
the water, ahere the surface tension In broken 
by grains, but some of the grains are adsorb- 
ing air from water idien at comparatively big 
depth in the vessel. That phenomen was not 
noted in the case of other sands and the 
author is of the opinion, that this may be 
eaplained by assuming that the mor^ equal dis- 
tribution of surface molecular forces, in the 
case of gains with high sphericity, enables 
the air disolved In water to form bubbles 
around sand |p?ains. 

The staMlity of sand structure formed 



FIG. 9 


in water with and without entrapped air has 
been Investigated, Results obtained showed : 
a) water moving slowly downwards in the con- 
tainer, after the sample has been settled, 
does not affect structure of the sample at 
all and leaves porosity unchanged, end that 
h) slight movements of the water upwards 
caused a decreasing of porosity to a cer- 
tain constant value for each sand. 

That was investigated In the device re- 
presented in Fig, 10, 

The effect described under b) the author 
explains as in Fig, 11 idilch shows how arches 
formed by sand grains are being destroyed by 
water moving upwards. 

The author feels that the porosities ob- 
tained with entrapped air are to some extent 
"artificially" high, and that the more funda- 
mental result is that obtained by depositing 
the sand without this air. Although the differ- 
ence between the results obtained by this 
technique and by rapid po\3ring in air are not 
very large, the former gives somewhat higher 
porosities and the results are probably the 
closest approximation to the loosest packing 
so far obtained, but this does not alter the 
suggestion, made above, that the "tipping" 
test should be used as a standard for the loose 
state, since the differences are not large and 
the tipping test is so very simple. 

A limited niuaber of tests were run to 
study the porosities of sands poured through 
a solution of bentonite (1*2 gms/lOOccs) and 
the results obtained showed no essential dif- 
ference in comparison with pouring through 
ordinary water. This should not be regard as 
a final result and further lOTestigations 
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FIG.10 



Pouring is wator. 

RG.11 


sliould be Bade is future > especially vitb fine 
sands. 

Lgflu j M^ of alia of the Container . 

Tbe folloBlng containers were used In 


the eboTe described experiJaeniB: 

l'*dia ^ass tube 
2'*dia lOOOccs glass cylinder 
3'*dia 2000CC8 glass <^linder 
3"dia glass tube 
6'*dia glass yessel 

It was found that in all techniquest 
wether dry or wet, the porosity decreases 
idien the dlaaeter of the container increases 
and that changes are bigger in case of con- 
tainers having the dianeter snaller than 3 
inches. 

In case of dianeters bigger than 3 inches 
changes are very small and it can be, in the 
authors opinion , assumed for practical purpos- 
es that for sand work the vessels 3** ii^ diame- 
ter can be used and the Influence of the con- 
tainer neglected. 

Fig*l2 shows the influence of the con- 
tainers' diameter in the case of pouring sands 
through water without air. 



Influence of size of the container* 

FIG.12 

The influence of the container has been 
mentioned by other izcveatigators and is usually 
explained by the wall friction 14). 

Observing the sand grains falling through 
water in vessels of 1,2 and 3 inches in diame- 
ter the author was not convinced that comparat- 
ively big changes In porosity could be caused 
by wall friction: firstly because the experi- 
ment can be carried out In such a way that 
practically no grains will touch the walls of 
the container. Yet In all cases influence of 
the container was distinctly noted. 

At the beginning of the research an expe- 
riment with padcing of ideal spherical grains 
showed that large empty spaces may be establish- 
ed, tridimexisional arching supported by the 
walls occuring. That sort of arching is easier 
in case of smaller containers and therefore 
gives higher porosities. That explanation. In 
case of grains with i inch diameters and 1,2 
& 3” dia containers is easy to understand, but 
in case of small sand grains also appeared to 
be insufficient. Finally ihen powdered mica has 
been introduced to the experiments it was noted 
that during the settlement of particles in the 
water some very characteristic veirtical chait- 
nels were formed, through ihich water from the 
bottom of the container moved upwards, being 
replaced by the settling materi^. The amount 
of the channels is always bigger in case of a 
smaller container ihen tbs same quantity ^ 
material Is settling and in case of a large 
container, only a few of those abannii iw occur# 

It was also found that these channels i^emain 
in the settled material after the end of Ihe 
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settling vroces* It ves otserred that in ease 
of Terr f&e eand (100 - 150 B«S«8«) the sane 
sort of chazmele are in operation hot cannot 
be clearly seen after the end of settling pro- 
cess* 

The author suggests that different anounts 
of those Tertical channels are affecting poro- 
sities in different containers* Fig* 15 dia- 
granaticaly shows the described process. 




Influence of the Incllnafi on of the Container. 

"H"waB^ found that the inclination or tne 
container affects porosity in the following 
way* 

1) Pouring in Water inclined. 

All sands formed lower porosities. In case 
of Well Graded Stone Court differences obtained 
were comparatively big. 

2) Pouring in Air inclined. 

GenerSly gives very slightly higher por^ 
sitles than idien poured vertically. Increased 
speed of pouring increase porosity in all 
sands except in case of Well Graded eand where 
distinct lowering of porosity has been observed 
ehen the sand was poured quickly. ^ 

The different behaviour of Well Graded 
sand is explained by diagram Ho. 14, idiere four 
techniques of poroducing porosity are represen- 

Ho* 1 shows structure of sand sample built 
by pouring vertically in water. Ho* 2 ehows how 
sand poured in water into tixe inclined contain- 
er forms a comparatively denser structwe bo- 
cause mailer floating particles * 3 ?# filling 
small gaps formed 1^ bigger grains sliding on 
samplers surface* ^ 

Ho 5 shows how a moving pert of quickly 
poured sand presses the stable part 01 aempie 
and oauses bigger density* v ^ 

Slowly pourod W*U Graded aa^ in ta^ 
ni<jjie Ho. 4 Kilds itself into a loosw atwt- 
ure* In case of uniform sands Inclination is, 
in contrast, very much less important* 


Structures caused by different techniques. 

FIG.15 

Pig. Ho. 15 explains generally how loose 
structures of sands are produced bys 1} slow 
pouring in air, 2} mick pouring in air, 5) 
pouring inclined end 4) pouring in water* 
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jmSl PACKING , 

For obtaining danse packing following 
techniques were used; 

1« Hand tamping and yibrating 
2. Proctors compaction cylindeir 
3« Vibrating table 
4, Pneumatic and electric hammers. 

1. Results obtained in glass cylinder by 

a) tamping dry sand with hand tamper in 
100 CCS layers, 100 times each layer, 

b) tamping d^ sand by hand tamper as under 

a), and vibrating by hand each layer 10 
times, 

c) tamping by hand in water each 100 ccs 
layer IvO times 

are shown on Fig, 16 



FIG.16 
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2. Results obtained in Proctors’ Compaction 

Cylinder by tamping with 5 lbs. rammer hav- 
ing 12” drop 

a) applying 25 blows of the ramner at the 
top of the dry sample, 

b) applying 50 blows of the rammer at the 
top of the dry saarole, 

c) applying Proctors* Standard procedure, 
varying water content obtain maximum dens- 
ity, 

are shown on Fig. 17, 



Compaction cylinder 

FIG.17 


3« Results obtained by vibrations in steel com- 
paction Cylinder (feoctors’type) on the vl- 
bratlxig table 

a) pouring dry sand quickly into the con- 
tainer wring vibration, 

b) pouring dzry sand slowly into the contain- 
er during vibration, 

c) tampiBK during vibration with 5 lbs raii- 
mer in 3 leyers 25 times each layer, 

d} vibrating with 25 lbs load at -we top of 
the sample, 

are represented on Fig, 18, 





FIG.19 
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4* Beaults obtained by Tibrations in steel con- 

paction cylinder eith Pnenmatic and Electric 
bamers 

a) vibrating in 3 layers dry sample for 
about 15 niimtes each layer, 

b) vibrating dry sand with load (250 lbs) 

at the top for about 15 minutes (Pig. 19), 

c) vibrating sainple in 5 layers for 15 mi- 
nutes each layer and repeating test with 
different moisture contents, 

d) vibrating sample in 3 layers, 15 minutes 
each layer, submerged in water, 

are shown on Pig 20 (No crushing of grains 
ooourred in any of those tests). 

Graphs No. 16, 17, 18 and 20 show that 
lowest porosities were obtained by vibrations 
u^er water. 

This procedure is here suggested tentativ- 
ely for obtaining lower limiting state of sands 
porosity. 


O 

Q Jfa«I COtll 



Vibrations pneumatic and electr. hammer 


FIG.20 


CONCLUSION . 

It is tentatively suggested that following 
procedures be used for obtaining limiting poro- 
sities of sands: 

1* Loose . 1000 gms of dry and thouroughly mired 
sES^should be placed in 2000 ccs glass cy- 
linder and a rubber stopper shotild be put on 
the cylinder. 

The cylinder with the sample should be shaken 
a few times and turned upside down, then very 
quickly turned over again. Volume of the sample 
should be read and porosity calculated (Pmax). 

Bxperiiaants have shown that porosities 
thus obtained are not very different from 
those obtained by pouring in water without en- 
trapped air (see Pig. 21 and Pigs 3t^*5j)« 







2. Dense . Compaction Cylinder (Proctors* type) 
should be placed in the water tank and sand 
sample should be vibrated in 3 layers (15 minut- 
es each layer) with pneumatic or electric ham- 
mer ("Kango hammer” type). 

1/30 eu.ft. sample should be thus obtained and 
porosity calculated (Pmin). 

Porosity of sand found in the field be 
expressed in terms of Maximum and Minimum Po- 
rosities and be called Relative Porosity. 
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SUB-SECTlONIIc 

nn|fln^.Tp4>nn^ TRgp^ 


SECOHDARY TIME EFFECO? I« THE COiPRBSSIOH OP DKCQRSQLIDATBD 
SEDTIIRNTS Qg VOLCANIC ORIGIH 

ABRIGO CROCE 
Italy 


INIftODUOTION 

The foundation soils of hroad areas of 
Italian Peninsula consist mainly of volcanic 
non-cemented or sli^tly cemented materials* 

These materials, ejected in cenozoic era 
or in the present one hy the many volcanoes 
along the Thyrrenian coast, were often carried 
by the wing in lands very far from their 
origin. Sometimes the running water worked on 
the deposits so formed and, mixing volcanic 
materials with other kind of products, made 
them settling as soon as the water speed went 
slowing down. 

Important built-up areas, as ROMS and 
KAPLiiS, mostly lay on soils of this kind. 

Similar conditions occurred in other lands 
of the globe and, henco, similar foundation 
problems must arise there. That is why we be- 
lieve it could be useful to expose to the 
Congress some observations on the behaviour of 
such materials which, as far as we know, have 
not yet been observed from the mechanical 
point of view. 

Our observations have been done by study- 
ing the foundation soils of the town of NAPLES 
which, as is known, lays between the two im- 
portant volcanic districts of VESUVIUS and 
CAMPI PLEGREI. 

The cohesionless volcanic materials, which 
can be found in this area, are composed by 
grains of very different size. However, they 
have two common characteristics: 

1) The main part consists of isotropic sub- 
stance (volcanic glass}; 

2) this isotropic substance has a spongy text- 
ure particularly notable in pumices. 
Consequently grains may be easily broken. 

The various deposits formed by such mate- 
rials differentiate in particle-size distribu- 
tion and in the rate of porosity of the vol- 
canic glass. Purthermore, It may happen that 
the material has undergone rock decay; but in 
the volctoic district we are speaking of, mate- 
rial is generally unaltered or altered at a 
very low rate. At last we cein find in the above 
materials a certain amount of organic substan- 
ces. 

Difficulties may arise in studying found- 
ation problems in such soils, owing to the 
fact that only in few cases we find homogeneous 
beds of a notable thickness; but very often tiie 
soil consists of a series of very thin beds 
(some centimeter). Constituent materials have 
a different particle-size distribution and 
sometimes they did suffer a high rate of dia- 
genesia until they reached a remarkable stage 
of lithification, 

Vhile carrying on our researches in order 
to have an almost large view of the behaviour 
of such materials under the load of buildings, 
we believe interesting to call attention on a 
peculiar phenomenon we have repeatedly observ- 
ed either on undisturbed or on disturbed sam- 
ples of different origin. 


DESCaiPTIOK OF TESTS 

In order to facilitate comparisons, we 
will expose results of a confined compression 
test on a typical volcanic material, the so 
called "pozzolana di BAGOLI”. ‘Hie tests have 
been performed on the fraction passing the 
0,2 mm sieve. 

The particle-size distribution is shown in 
fig. 1. The mechanical analysis has been done 
with sieves down to 0,07 mm diameter. Eor smal- 
ler fractious Andreaaen pipette has been used, 
distilled water being the dispersion medium. 

As shown, the grain size accumulation 
curve mainly develops in the fine sand fraction. 

The grains composing the material under 
test are fragments of angular volcanic glass 
(tig. 2) sometimes compact and clear, more 
often porous for boles caused by the expansion 
and escape of gases from the interior of the 
magma piece, while this late was rapidly cool- 
ing. These holes are variously shaped; often 
they are considerably long and minute and have 
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Photomicrograph showing different textures of 
girains. 

FIG.2 

ao external outlets. The texture is more or 
less sponglous, according to the frequency 
and dimensions of the holes. 

On the “basis of the particle-size dis- 
tribution and microscopic analysis, it can be 
re;Jected that in the tested material there 
was any appreciable content of clay substance. 

The confined compression test has been 
done on a test sample of ^6,2 mm diameter and 
20 mm initial thickness, fitted upside and 
downside with drainage porous stones. The 


used extensometer permitted to evaluate sett- 
lements until 1/500 am. The successive applied 
loads were in Kg/ cm2; 

0,04; 0,015; 0,19; 0,50; 1,00; 2.01; 4,02 
The settlements s and the time t are 
plotted in fig. 3 for some values of""the 
applied ed pressure g; either time and settle- 
ment have been measured from time-moment in 
which the last load increment was applied. 
Drawings show that: 

1) About one half of the settlement occurs in 
a very short time, less than 30 sec. 

2) Consecutively the settlement proceeds ap- 
proximately straight with the In.t. 

3) Lately this straight development ^ows a 
trend to change in slope towards the final 

setting (see the last points of graph). 

The phenomenon described in 1 and 2 can 
be expressed by the relationship: 

s ■ a + b . Int 

Coefficients a and b have been calculat- 
ed by the method oF leasF squares and follow- 
ing results obtained: 


applied load 

a 

b 

probable 

Kg/cm^ 

Tn.ti 

mm 

error nm 

1,00 

0,0812 

0,1054 

0,00850 

0,0009 

2,01 

0,01051 

0,0010 

4,02 

0,1276 

0,01280 

0,0009 


■7ith the falling head permeameter the 
permeability coefficient k has been, measured 
at various loads. Values of k are shown in the 
following table, together wlFh inverse values 



FIG.3 
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of moisture specific loss v, reclconed accord- 
ing to the final settlement’ observed. 


applied load 
Kg/ cm2 

k 

cm/min 

lA- 

Kg/oin‘^ 

1,00 

},72 X 10 -^ 

63 

2,01 

2,47 X 10-^ 

91 

4,02 

1,60 X lO-'^ 

147 


DISCUSSION 

According to our present knowledge on the 
progressive settlement of soil samples sub- 
jected to a constant load in a consolidation 
device, two typical schemes are usually dis- 
tinguished: 

1) Sand The necessary time for the final ad- 
‘Justement of grains is very short and can 

be generally neglected, 

2) ^ay The time, required for reaching the 
test sample equilibrium under the applied 

load, is quite long. Up to the first half of . 
yeldiug, the time-settlement curve has a 
typical trend that, with much approximation, 
is explained by the wall known TSttZAGHI* s 
theory of consolidation. This part of the 
phenomenon is called primary time effect. Be- 
yond this, the time settlement curve is almost 
straight, ^en time is plotted on logarithmic 
scale. This is called secondary time effect 
and was particularly observed in clays with a 
certain amount of organic substances. 

Volcanic material, we have tested, cer- 
tainly is not a clayey material, for its grain 
slae distribution, as for its mineralogical 
composition. let, under constant load, it 
reaches the final settlement with a remarkable 
slowness and, for this respect, behaves like a 
clay. 

Since TER2AGHI*s theory of consolidation 
is applicable both to sands and clays, it is 
interesting to ascertain if the observed 
phenomenon of compression could be a primary 
time effect and then interpreted by such 
theory. The fact that the actual settlement s 
is a linear function of In t shows immediateTy 
that the theory of consolidation is not applic- 
able to the observed process. In order to il- 
lustrate this point, we have plotted in Pig. 4^ 
the theoretical consolidation curve, expressed 
by means of the dimensionless variables: 


cr » (degree of consolidation) 

T w -^t (time factor) 

where: si indicates the final settlement 
produced ny the load increment? 

c the coefficient of consolidation given 

by -i- , where (f Is the unit weight 

of wa^er; 

H the half thickness of the test sample. 

If wc express the empirical relationship 
we have found for our volcanic material throu^ 
the above dimensionless variables, we obtain 
the straight lines of fig. 4. The observed 
phenomenon develops whlthin an interval of 
values of the time factor T, which is clearly 
subsequent to the range of values of T.^ich 
limits the primary time effect. We believe, 
therefore, that the process of compression, 
we have experimentally noticed, must be con- 
sidered as a secondary time effect. Likely, a 
primary time effect, as conceived In the 
theory of consolidation, took place in our 
test in a time inferior to JO sec, 

CONCLUSIONS 

Our observations lead us into the opinion 
that unconsolidated sediments of volcanic 
origin, although they have, when unaltered, no 
petrographic characteristic in common with 
clayey materials display a secondary time ef- 
fect like that of clays. Furthermore, it is 
possible that in the compression of volcanic 
materials a primary time effect takes place 
also. Nevertheless, some peculiarities for 
these materials have to be emphasised: 
the primary time effect, owing to the high 
permeability of such materials, occurs In a 
negligeable time and is difficult to reveal by 
observation. Probably it could agree with the 
theory of consolidation. From technical stand- 
point this effect is of small importance on 
account of its quickhappening: 
the secondary time effect develops slowly in 
time and can be easily noticed by way of ex- 
periments. The settlement due to this part of 
the compression process may not be disregard- 
ed in comparison to the settlement correspond- 
ing to the primary time effect. 

Some other experiments have been under- 
taken to throw more light on the subject. Since 
the laws, that rule the moisture movements, 
can also decisively influence soils accomod- 
ation process, as the theory of consolidation 
has clearly shown for clays, we intend to mea- 



T I m e factor T 

Observed time curves and theoretical primary 
time effect (dotted curve) 

FIG.4 
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suF# the pore water pressures in function of 

tiae* . . 

Moreower , remounting to causes of the 
phenomenon nom called secondary time effect > it 
^ems tdiat material's nature should he of 


peculiar importance, and precisely its brittle- 
ness and the fact that possibly, on account of 
breaking of single grains, the volume of solid 
constituents of the soil may be no more con- 
sidered as constant* 
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CONSOLIDATION a?ESTS OH SOII^ COHTAINING STOMES 
L.J. MURDOCK, Ph.D., M.Sc* , A*M.I.C.K, 


The test normally adopted in the deter- 
mination of the consolidation characteristics 
of a soil, utilises a specimen of 3 inch dia- 
meter and approximately ^ inch thicic* This 
thin specimen is used and drainage allowed 
both from the top and the bottom, in order to 
shorten the time req^uired for the test. 

Soils containing stones, e»g., boulder 
clays, are common to many parts of the world 
and estimates of settlement under load can 
only be made from consolidation tests on thin 
specimens (1) by selection of a portion of the 
main sample free from stones, (2) by patching, 
if only an odd stone needs removal, or (3) by 
removal of the stones and remouldl^. None of 
these methods can be considered satisfactory, 
especially when the hi^ cost entailed in 
taking the sample, is considered* Investig- 
ations were, therefore, made to determine the 
effect of the presence of stones and the pos- 
sibility of using larger test specimens, or 
other methods of testing* 

Consolidation Apparatus . 

” Speojja^a or 3 in,, 4 in,, and 6 in, dia- 
meter were tested by the conventional method, 
using a cylindrical mould with porous stones 
at each end, and the load applied vertically 
throu^ a piston. The apparatus used for the 
3 in. diameter apecimena was not materially 
different from that used by other investig- 
ators, and is illustrated in Fig. 1. The me- 
thod adopted to obtain the sample was to press 
the sampling ring into the soil being extruded 
from a 4 in. diameter sampling tube normally 
used for obtaining undisturbed samples in the 
field, and then to trim off the two ends. The 
finished thickness of the sample was i inch. 



FIG.1 

The apparatus for the 4 in* diameter 
specimen is illustrated in Fig* 2, In this 
case the sample was pushed direct into the 
^ in. nominal bore sampling tube from another 


longer tube of the same diameter* The ends 
were then trimmed to give a finished thickness 
of approximately 4 in,, and the load applied 
through porous blocks in the usual way* 



FIG. 2 


In view of the difficulties described 
later in connection with the use of the 4 in. 
apparatus, only one 6 in, diameter specimen 
was tried. The sample was contained in a mould 
normally used for C,B,R, tests. A piston was 
used for the vertical load in the usual way, 
and porous atones made from brick dust and 
cement provided drainage. 

The effects of friction in the 4 in. dia- 
meter apparatus were found to be serious and 
the following methods of overcoming this were 
cozisidered: 

1) coating the inside of the tube with glue or 
other similar material to reduce friction, 

2) pouring molten paraffin wax round the soil 
specimen placed inside a sampling tube of 

larger diameter, the object being to provide 
an incompressible container ^ but with compar- 
atively low side friction* This method was not 
effective. 

3) the use of the triaxial compression testing 
machine utilising the water pressure to 

maintain a specimen of constant diameter. The 
object of this arrangement was to eliminate 
friction entirely, while still obtaining one 
dimensional compression, 

4) the use of the trlazial compression testing 
machine with fixed end pistons, and an ar- 
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raxkgeaent to measiiro the ohanc^e In dlaaeter ot 
the saaple lAen coapreaaed by means of the 
water pressure* 

Ox these four methods, 3) was considered 
the moat XUcely, and the arrangement shown In 
Fig. 3 was adopted. The soil specimen in. 
hl^ X li in. dlweter, was encased In a rubber 
enrelope sealed to the end caps shown, the 
lower one of which was porous to allow drain- 
age under atmospheric pressure. The 8 peclm«k 
was then placed inside the perspex cylinder 
of the triaxial compression testing machine 
and the thin metal band and contact deylce 
shown In Fig. 3(b), was attached. This con- 
tact was adjusted so that any lateral swell- 
ing of the specimen, broke the contact and 
put out the light. By using a small current, 
electrolysis and arcing at the points was 
avoided. 


I 



(4)CENCRAL arrangement (kl device to indicate 

TENDENCY TO 5WEU LATERALLY. 

Adaptation of triaxial testing machine for 
consolidation tests. 

FIG.3 

During the teat, pressure was allied 
throu^ a I 7 in. diameter piston, and any ten- 
dency on the part of the specimen to bulge 
was corrected by increasing the lateral water 
pressure until the light Just came on again. 

In this way the diameter of the specimen 
could be maintained constant within very 
narrow limits, and the vertical compression 
of the specimen measured from a dial gauge 
calibrated in 0.0001 in. divisions reading on 
a mounting at the top of the piston. It was 
found that the device was sufficiently sens- 
itive to react to changes in the vertical 
pressure of less than 1 lb., and in the later- 
al pressure of 0.1 lb. per aq. inch. 

The method is experimental and requires 
regular attention to the water pressure In 
the perspex cylinder. There Is, however, no 
difficulty in fitting ah automatic relay and 
pumping arrangement* 

Details of Soil and Stones Used . 

(5ne type^of toIi was usedT throughout the 
Investigations described; this was a clay wit^ 
the following characteristics: 

Liquid Limit 39 
Plastic limit 19 


Mechanical analysis: per cent 

Coarse sand C2nm - 0.6 mm) 13 

Medium sand (0.6 mm - 0.2 mm) 11 

Fine sand (0.2 am - 0.06 mm) 16 

Silt (0.06 mm - 0.002 mm) 24 

Clay (asaller* than 0.(X)2 mm) 36 


Specific gravity of clay particles 2.73 
Dry density as used 103 lb. per cub. ft. 
Saturated moisture content 23*0 per cent. 
Initial voids ratio - « 0.628 

The stones were all sieved from a flint 
river gravel of irregular 1) shape. The sixes 
adopted were 3/4 - 3/0 in* for use in the 4 in. 
diameter specimens only, and 3/0 3/16 in. 

The specific gravities and moisture contents 


of the atones are 

aa follows: 



3/4-3/8 in. 

3/8-3/16 in. 

Apparent specific 
gravity 

2.48 

2.45 

Moisture content, 
saturated surface 
wet, per cent. 

3.6 

6.2 


In all the experjjxeats the soil mixture 
was compacted to a predetermined volume, In 
order to obtain the specified dry density in 
the clay, i.e., the initial voids ratio of 
the clay was kept constant. 

Percentage ^mpre salon of 5 in* Samples . 

Consolidation best a were made on 3 in. 
samples ^ in. thick with drainage both top and 
bottom, using clay and 0 , 20 and 60 per 
cent of gravel by weight of total mix. In or- 
der to obtain a reasonably constant voids 
ratio on the clay for the aeries of tests, dry 
clay was mixed with the necessary quantity of 
water and was then mixed with the saturated 
surface wet gravel. The sample was next com- 
pressed in a cylinder to a predetexmlned 
VOlTBie. 

In order to present the data obtained in 
a form as closely related as possible to a 
final estimate of settlement, the results of 
the teats are given as the percentage com- 
pression, that is Co-w 

1 1-eo 

where e^ * initial voids ratio 

e « voids ratio at end of oonaolidation 
due to applied load. 

In Fig. 4 the percentage compression of 
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the soil aa a ahole is plotted against the 
gravel content for four increaents of con- 
solidation pressure f 1^ Zp 4-, and 8 tons per 
sq« ft* As may he seen, the percentage coa- 
preasion varies inversely with the percentage 
of gravel hy wei^t, and the compression be- 
comes eero at a gravel content of about 71 per 
cent* IJhis is the point at which the gravel 
particles make contact, and the load la there- 
fore carried entirely by the gravel. There is 
a tendency for the percentage compression to 
fall less between 20 and 40 per cent than is 
expected from a straight line relationship, 
dbis tendency is even more marked in the 4 in, 
samples (see Pig, 6), and requires further 
investigation. 

Curves have been plotted in Pig, 3 show- 
ing the percentage compression in the clay 
alone. At the lower loads of 1 and 2 tons per 
sq. ft., it appears that percentages of gravel 
up to 40 per cent have little or no effect on 
the consolidation in the clay. At 4 and 8 tons 
per sq. ft., however, and more especially with 
the hi^er load, the percentage compression 
decreases even with small proportions of 
gravel. It is, therefore, evident that errors 
are incurred if it is assumed that settlement 
in a soil can be computed from consolidation 
tests on samples from which stones have been 
removed, or on samples selected from a portion 
of the main sample free from stones, and that 
any such estimates are likely to be in excess 
of the settlements which actually occur. 



FIG.5 

Percentage Compression of 4 in. Specimens . 

The results or testa on 'f in. specimens 
are given in Figs. 6, 7, and 8. Specimens 3 in. 
diameter and i in, thick are normally fully 
consolidated after 36 hours. Terzaghi 2) has 
shown that the time factor is dependent on the 
square of the thickness, and it follows that 
for specimens 4 in. thick, the comparative 
consolidation period is about 1,000 hours. In 
order to save time daring testing, this period 
was not strictly adhered’ to, i^en it was found 
that little or no movement: was occurring, and 
the compression was extrapolated by plotting 
on semi-logarithmic paper. It is fqlt that any 
error incurred is likely to be of minor im- 
portance. 

The form of the curves obtained in Figs. 

6 and 7 are aome^at similar to those given in 
Figs. 4 and 5 for 3 in, specimens. It is evid- 



Kfect of increasing proportions of gravel, 
tin. -^in. on percentage compression of 4in. 
Dia. ^ecimens 4in. thick. 

FIG.6 



Effect of Increasing proportions of gravel, 
^in, - f in. on percentage compression of soil 
fines only 4in. Dia. specimens, 4in thick. 

FIG. 7 



Comparison of percentage compressions of 3in, A 
4in. specimens with various gravel contents. 


FIG.8 

ent, however, that the percentage compression 
in each increment was lower than would be ex- 
pected from the nominal loading, and that aide 
friction had become much more serious than it 
was in the 3 in. specimens, 

Taylor 3) izi discussing the effects of side 
friction, showed that inaccuracies in the pres- 
sure in Boston Blue Clay could amount to 6 to 
11 for remoulded soil and 3 to 7 per cent for 
the undisturbed state, when using samples only 
li in. thick. Other investigators 4) 3) have 
designed special apparatus in connection with 
investigations of side friction, and Indie- 
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stions have beea obtained that tihe rricbiou la 
of larger magnitude than ia generally believed* 
The result was, therefore, anticipated and the 
following approximate method of making an al- 
lowance was adopted. 

After testing, the pressure required to 
push the sample out of the tube was determined, 
and shear box tests were also made to find the 
cohesion and angle of friction of the material# 
Estimates were then made of the value of the 
constant £ in the equation: 

where A is the cross-sectional area of the 
sampling tube 

A is surface area of tube in contact 
^ with the specimen, 
p ia the applied pressure 
c Is the cohesion 
I is the angle of friction 

For all practical purposes with the mate- 
rial used in the tests, it was found that K 
could be taken as equal to 0.5t ^ equal to 
2.87 lb. per sq. in. and i equal to 19®. 

From this data, the actual load transferred 
to the bottom of the specimen for any load 
anplled at the top can be calculated# Taylor 
3) has shown that the consolidation ia then 
equivalent to that due to the average of the 
pressures at the top and the bottom# Values 
for nominal loadings of 1, 2, 4, and 8 tons 
per sq. ft, are given in Figs. 6 eind 7* 

With these corrections the percentage 
compression is plotted against consolidation 
pressure in Fig# 8, and it is shown that for 
0 and 20 per cent gravel, the agreement be- 
tween the 4 in. and 3 lu. samples is good. 

■Shen, however, the percentage of gravel is 
increased to 40 and 60 per cent, a greater 
compression is obtained in 4 in. samples than 
in 3 inch. This appears reasonable, since 
with specimens ^ in. thick, more arching and 
resistance to movement are to be expected 
when large quantities of gravel are present. 

Rate of Consolidation . 

Coefficie^s of consolidation were cal- 
culated using the time fitting method 3) 6) 
plotting degree of consolidation against vT 
The coefficients are shown plotted against 
the consolidation pressure in Fig. 9« 



The large increases in the coefficient 
of consolidation for 3 ia* diameter specimens 
irtien gravel la present, are attributed to 
arching and uneven consolidation, i^ich results 
in a lowered resistance to the flow of water* 
Greater freedom of mov«Dent of the gravel ia 
possible in 4 in. thick specimens, and any 
even consolidation in the thin layer adjacent 
to the porous stones top and bottom, Is of 
less importance. Serious errors in time-sett- 
lement curves are therefore likely to result 
from the use of thin specimens of stony soil# 

Use of Triaxial Compression Testing Machine# 
fhe method evoTvea for this teat has el- 
ready been described under ”Ck>nsolidatlon 
Apparatus". Preliminary e^q^erlments were made 
with a sample of clay I-J- in# diameter and 2*i’liu 
hl^. The piston through which the load was 
applied, was made the same diameter as the 
specimen in order to avoid vertical compress- 
ion when the lateral water pressure was in- 
creased. The use of the contact device at the 
centre of the specimen is based on the aaauoqp- 
tlon that any increase in diameter is likely 
to be greatest at the centre, as ia found in 
the normal change of shape of specimens in 
triaxial compression tests. 

An example of the consolidation time 
curve obtained is given in Pig. 10. Owing to 
the fact that the experimental apparatus only 
had one drainage path, however, and the time 
required for full compression is estimated to 
be about 50 days for each increment, insuf- 
ficient evidence is as yet available concern- 
ing the comparison with the normal consolid- 
ation apparatus. The results, are, however, 
encouraging and modifications are being made 
to provide drainage at the top and bottom of 
the specimen, and the contact device has been 
improved. Apparatus has also been designed to 
deal with larger specimens in the same way. 

In this case further modifications have been 
made to the loading piston arrangement, and a 
relay system is incorporated for automatic 
correction of any lateral swelling of the 
specimen. 



Example of consolidation / time curve obtained 
when using triaxial compression machine. 

FIG.10 


Comparison of coefficient of consolidation of 
3in. & 4in, specimens with varying gravel contents. 

FIG.9 

The most important point indicated by 
the plottings is the difference in the time 
rate of consolidation of 3 ia. diameter speci- 
mens ^ in. thick, as the percentage of gravel 
increases. In comparison there is little 
change for 4 in. diameter specimens, 4 in. 
thick, until the proportion of gravel reaches 
60 per cent. 


Discussion of Results . 

The l.nvestigations described show, that 
the consolidation characteristics of a soil 
are affected by the presence of stones, and 
that computations of settlements cannot be 
made accurately by testing samples of the soil 
fines, and assuming that the compression la 
reduced in proportion to the volume of stones 
present. Errors are likely to be particularly 
serious in estimates of the time rate of 
settlement. It is, therefore, evident that for 
clays containing gravel or boulders, e.g#, 
boulder clays, use of the standard apparatus 
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with eoaiwri.tlT«l7 auLll mplti is una&tla* 
factory. 

mien larger apaclaena are uaad, difficoL- 
ties ftre ei^outered due to aide friction in 
the consolidation hoz^ hut It appears that for 
a roug^ eTSluatlon, corrections can he aade 
fron estimate a of the redaction In pressure 
due to friction, and the assu^tion that the 
consolidation is due to the azerage of the 
pressure st the top of the specimen and the 
resultant pressure at the hottoa. It la im-> 
possible to eliminate friction In the normal 
type of consolidation box, and the use of the 
trlaxlal coi^esslon type of machine with a 
deylce such as that used by the author appears 
likely to provide a solution of the difficulty. 

The investigations described were regard- 
ed as e^ool^^^hory and were made on one type of 
remoulded soil az^ one shape of gravel. ?urtiMr 
investigations are necessary to determine the 
effect of the shape of the solid particles, 
effect of remoulding, and other properties 
before any definite conclusions on the general 
effect of the presence of stones and other 
coarse particles on the consolidation can be 
reached. This further research is dependent, 
however, on the final development of a suit- 
able form of test for the large samples neces- 
sary. 
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SUB-SECTION lid 

TRIAXIAL TSSTS 


\\ fji ^ COHRELATION between the results of CBLL-TESTS and COMPRESSION TESTS 

B. DS BEBR 
Ghent (Belgium). 


INTK)DUCTION . 

In the cell-tests performed at Delft and 
Ghent the sample Is subjected to a certain 
number of vertical loads, and for each of 
these loads the minimum lateral pressure, 
necessary to still maintain the sample in 
equilibrium, is determined. When quick cell- 
tests are performed on clays, the obtained en- 
velope of Mohr consists of two straight lines 
intersecting in the so called “singular point” 
of the diagram of Mohr. When the sample is 
given opportunity to consolidate under the 
last applied load, the necessary minimum pres- 
sure Is decreasing with time. The circle ob- 
tained after consolidation is complete, Is 
taxigent to the first straight line of the 
envelope. The first line gives the cohesion c 
by its ordinate at the origin, and the angle 
of Internal friction (p by its inclination. 

The second strai^t line gives the so called 
apparent cohesion c' and apparent angle of 
friction <p' . The ordinate Wq of the singular 
point should be the shearing-resistance of the 
material in its natural state in the ground, 
while the circle tangent to the two straight 
lines should give the natural vertical ef- 
fective pressure (Tt. 


For several clays the quick-test may not 
be performed too quickly. Indeed, because of 
phexLomena at the surface of the very small 
clay-particles, the shearing-resistance of 
these clays under an instantaneously applied 
load can be larger than that existl^ under a 
remaining load. The velocity of performing 
the cell-test must be so, that the maximum 
value of the minimum lateral pressure, neces- 
sary to maintain the equilibrium under a given 
vertical load, can be measured, after what a 
new Increase of the vertical load shall be ap- 
plied as quickly as possible. In this way the 
normal cell -diagrams dealt with in this report' 
have been obtained. 

In the U.S.A.and in several other coun- 
tries the shearing-resistance is computed from 
compression-tests* If q is the crushing 
strength of a sample, it is admitted that the 
shearing-resistance of the sample in its nat- 
ural state In the ground Wq is given by 


In the same countries the shearing-resistance 
is also computed from trlaxlal coapresslon 
tests. In the quick tests the sample enclosed 
in a rubberbag, is subjected to an overall 



m 

preBBure; after what the vertical Btress is 
IncreaBed till rupture. The overall preasure 
aeema to have no Influence on the shearing- 
resistance. Vhen the test is repeated on dif- 
ferent parts of the same sample, circles with 
the same radius fo are obtained (fig.l). !nie 
quick triazial tests should give the same re- 
sults as the ordinary coi^ression tests. 

In order to conqpare the results of the 
cell-tests and of the ordinary compression 
tests, at our laboratory at Grhent a certain 
number of samples were subjected to both tests. 



Quick triazial test 


FIG.1 



Qrumlometrlo slz. 

FIG.2 
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for all the teats the dimensions of the 
saiqplaa are the following: 

height « h - 14,5 or 15 cm, 
diameter • • 6,5^ or 6,57 cm. 

The samples were tested in their undisturbed 
state unless otherwise specified. 

The cell diagrams show a certain number 
of circles, indicated by numbers. The time 
taken to obtain the state of stress corresiond- 
iBg to a given circle is indicated in the cor- 
responding tabel of each cell-diagram. 

The diadems of the compression tests 
give the vertical deformations of the sample 
in function of the applied vertical pressures, 
and also the variation of these pressures with 
time. If possible the diagrams give the angle 
cc between the shear plane and the horizontal 
direction. The natiiral vertical effective 
stress computed from the weight of the over- 
burden, or from direct data, is indicated by 
(TkjO. 


A, SAMPLES OP YPBBSIAH OLAY (Tertiary clay). 


Two SBfl^les of ypresian clay, 2462? and 
24845 taken at a depth of 17,50 m, reap. 20,50 
m under the soil surface were tested* The 



mechanical analysis and the physical proper- 
ties of samples taken in the same la^r and 
in the nei^bourhood of the two samples are 
given on fig. 2. 

When the data of fig. 1 are written be- 
tween brackets, it means that the physical 
properties are concerned, not with the tested 
samples itself, but with samples taken in the 
neighbourhood. 

The results of sample 24845 are given in fig, 
3a and 5 b 5 the results of sample 24827 in 
fig, 4a and 4b. 


SAMPLE 24843 


The values of o, <p , deducted from fig, 
3a are given in table I. It is worthwhile to 
note the following special facts: 

1) The circle (1) (fig. 3a) doesn*t corres- 
pond to an extreme state of stress; indeed, 
to obtain this state under a vertical 
stress (Tya 0,894 kg/cm^, it should be ne- 
cessary because of the large cohesion, to 
exert an horizontal pull, what It is impos- 
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sible to do in the cell-i$paratus. 

2) The circle (2) (fies- 3^) also probably 

jiot a llaltcircle, because, in a quick teat, 
underneath the natural effective pressure, 
the lateral stress can be produced by later* 
^ expansion* ^ 

3) After having been loaded to 4.18 k^cm^, 
the sample was unloaded to 2,080 kg/cm^.The 
circle \ 7 )^ nearly tangent to the strai^t 
line Q* 29®, c - 0,4 kg/cm^ is obtained. 

After having reached the stress-state of 
circle (7), the sample was farther unloaded 
to 0,593 kg/cm?. Then the lateral pressure 
was reduced to zero and a compression test 
was performed on the sample previously sub- 
jected to the described cell-test. 

^ig* 3^ indicates that the san^le col- 
lapsed uxider q » 2|68 kg/cm^, but that the 
increase of the deformations becomes very 
rapid from a pressure q* « 2,08 kg/cm^ 

Thus according to formula (1) the shearing- 
resistance should be Wo*r ^ 1»34 kg/cm^ or 
W'o *^1,04 kg/cm^ , In the compression test 
there is a doubt concerning the value to 
adopt for the shearing strength. It can be 
the value Wg,r corresponding to failure, or 
the value W*o correspoxiding to the rapid in- 
crease of the deformations. When it is the 
latter value. It can be seen from fig. that 
it Is very difficult to make an exact choice. 

The circle (7) of fig. 5 a corresponding 
to the value (Tv - 2,08 kg/cm^, gives ■ 
0,85 kg/cm2. This value of Wc is much smaller 
than the value Wo,r and even W*o of the com- 
pression test. 

Drawing the limit-circle (8) correspond- 
ing to zero horizontal pressure, one gets tfV 
- 1,24 kg/cm^, and the corresponding shearing 
resistance is 0,54 kg/cm^. Comparing these 
values to those of the compression test, it is 
concluded, that in the compression test, at 
rupture, the effective horizontal stress is 
not zero. 

In quick teats with constant watercon- 
tent the shearing strength should remain in- 
valuable; on the contrary the quick cell test 
indicate that in function of the applied 
loads and of the allowed defoliations the 
shearing-resistance even by clays can vary 
rapidly with time, 

A cone test performed on the sample 248^ 
gives a penetration value Ck,o • 9,5 kg/cm^. 
The penetration value is given by the formula 
Ck,o • 1.3 (VbPc + Vcc) (2) 

where pg « capillary pressure at the moment 
of penetration. In accordance with the pro- 
perties of structural deformabillty of the 
sample under shear stresses, pc can be located 
between 0 and 0”k.o» 

Jfor <p. 29° ’ Ve - 27,5 Vv . 16,4 

c ■ 0,38 kg/cm2 
®k,o *«1,58 kg/cm^ 


thus 0 ^ Pc ^ 1*58 kg/cm^ 

1,5 X 27,5 X 0,38 ^ Cjc . ^ 1.3(16,4 x 
X 1,58 + 27,5 X 0,3B) 
13,6 kg/cm^^ Oic,o 47,2 kg/cm^. 

Comparing the computed limits of Ch.d with 
the measured value of 9i5 kg/ca^, it is con- 
cluded that for the sample tested in the cone 
test the vertical effective stresses at the 
moment of rupture are nearly zero. 

When the penetration value should be 
computed from the compression test, then the 
9-0 method has to be applied. For 9-0, 
Thus 

Gk,0 - 1.3 X 5»14 X 1,04 . 6,95 kgW 
^k,o • 1.3 X 5#14 X 3,14 • 9,06 kg/cm^. 


The values so obtained are smaller than 
the measured value, 
aAMPM 

The values of c, <p , deducted from fig. 
4* are given in table I. 

Special facts are: 

i; The circle (1) fig. 4a ie not a limit- 
circle, for the aaae reason as given for 
circle (1) of sample 24843* 

2) After having been located to 4*18 kg/^^, 
the aample was unloaded to 2,080 kg/ca^lthe 
circle (5) (fis* 4a) nearly tangent to the 
straight line 9 « 200, c « 0,6 kg/cm« is ob- 
tained. 

After having reached the stress-state of 
circle (5), the sample was farther unloaded 
to 0,595 kg/cm^. Then the lateral pressure 
was reduced to zero and a compression test 
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was performed oa the sample previously sub- 
jected to the described cell-test. 

Fig. ludicates that q • 2,58 kg/csmS 

q’ « 1,64 i 1,785 kg/oiii2 
OJhus Wq^j, = 1,19 hg/cm2. 

W'o ^ 0,82 kg/ca^. 


Agalu there is a doubt in the compres- 
sion tet concerning the value to adopt for 
the shearing-resistance. The limit-circle (6) 
fig. corresponding to ^h - 0, gives OV 
■ 1,72 hg/cm^i and a shearing-resistance of 
0,76 kg/cm^. Comparing these values to those 
of the compression test, it is concluded that 
in the compression test, at the rupture, the 
effective horizontal stress is not zero. The 
cell-test shows again that even with constant 
watercontent in function of the applied loads 
and the allowed deformations the shearing- 
strength of clays can vary rapidly with time. 
The come test gives a penetration value of 15 
a 17 kg/cmS. . 

0 ^ Pc^®k,o • kg/cta^. 

(p. 200 - 6,4 V,, . 14,8 

0- 0,6 ks/c*2 


13 I 14,8 X 0,6^01, 0^(1, 9x6, 4+ 

+14,8 ^,6) 1,5 

11.5 kg/om^ ^ 27,4 kg/cni2. 

The measured value is located between the 
computed limits. At the moment of rupture, 
there still remains some value of the capil- 
lary pressure, namely: 

13 7 12 ■; llgS, 

0,3^7 kg/om^^p^,-^ 0,86 kg/cm^. 

When the <P • 0 method is applied, with the 
results of the compression-test 

1,5 X 5»1^ X 5»82^C]c 1,3x5, l^xl,19 

5i^7 kg/cm2 ^ ^k,o< kg/cm2. 

The values computed with the <jp' • 0 method 
are much smaller than the measured values. 


B* RAMPLBS CQHSQLlDATfiD IN A PRfiSSURE BOX . 

Three series of tests were run on remold- 
ed samples which were first consolidated 
during several days to a known-overall pres- 
sure. 

The samples having an height h * 14,5 
cm, , a diameter * 6,67 cm, were placed in a 
rubber bag with a leirger diameter? inside the 
bag the samples were surrounded by Rhine sand 
allowing free drainage. The samples were then 
put in a pressure box and subjected to a 
known overall pressure. From the same sample 
there were as many specimens consolidated, as 
tests had to be performed. 


SAMPLE 24813 . 

physical properties: fig. 1. 

Two identical specimens of this sample 
were subjected during 4 days to an overall 
pressure CTv 0 * kg/cm2. Thereafter one 
of the specimens was subjected to a cell test, 
the other to a compression test. The diagrams 
are respectively given in fig. 5a and 5^iand 
the results therefrom in tabel I. 

The singular point -of the cell-test, 
gives, by means of circle (12), 
kg/cm 2 and Wc - 0,4a kg/cm2. 

In the compression test complete failure 
is obtained for q - 1,517 kg/cm2. -when q* - 
1,115 kg/cm2 small fissures were observed.lt 
can be noted that it is practically impossible 
to discern a discontinuity in the diagram de- 
formations versus pressures of fig- for 
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FIGJa 


Cy « 1,115 kg/ciii2. Only a visual inspection 
of the sample during the test gives this 
value. 

Table I shows that the value W*o 
especially Wo,ri which is the only exactly 
measurable quantity, is noticeably larger 
than the value 

SAMPLE M 24514 . 

physical properties: fig. 1. 

Four identical specimens of this sample 
were subjected during 18 days to an overall 
pressure kg/cB2. Directly after- 

wards the specimens were subjected to an or- 
dinary cell-test, an ordinary compression 
test, a compression test* under water and a 
special cell test. 

Ordinary cell-test : fig. 6a and Table/ I. 
toll nj^ conn re silon test : fig. 6b and Table I. 

Coliap^ of the sample occured by q * 
0|65 kg/cm2, but a fissure was detected at 
the base of the sample by q* ■ 0.448 kg/cm^. 

The values Wo.r and even W*o are larger 
than Wq. 



FIG.Zb 



FIG.7C 


COMPRESSION TjaST UHDER WATER ; fig. 6®. 

The sample is first loaded with tfy m 
0,286 kg/cm^, and then its base is contacted 
with a free waterlevel. Aon the vertical pres- 
sures are rapidly increased. Seven minutes 
after the start of the test and three minutes 
after contacting with water, the sample col- 
lapsed under a pressure q^ - 0.457 kg/cm^. 

This is nearly the same value as q*, i.e. the 
pressure producing the first fissure in the 
ordinary compression test. 

. It is worthwhile to note that the circle 
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FIG.8b 

(16) of fig. 6a, corresponding to zero hori- 
zontal pressure, gives (JV « 0,32 kg/cm2. 

Special cell test ; fig- 6a - circle (18) 

In this test the sample is first brought 
in the cell- apparatus under an overall pres- 
sure of 0,503 kg/cm2* Then the vertical pres- 
sure is increased by successive increments of 
0,057 kg/om^, and the horizontal pressure at 
the same time dec3?eased with the same quant- 
ity. A limit-state is obtained for Oy *0,73 
kg/cm^ (Hi « 0,34 kg/cm2, giving * 

0*73 - Qi34 , 0,195 kg/cm2. This value is a 

little larger than (table I)- 


physical properties: fig- 1. 

Pour identical specimens of this sample 
were subjected during 14 days to an overall 
pressure ff^.o * 0,6 kg/cm^. For the rest see 
sAmple i4 24814, 

ox*^i n pry cell— test * fig-. 7a a^d Table I. 
ordinal comprea^on test : fig. 7b and Tablel. 

The total failure cccured by q = 0,8 kg/ 
cm2, 'but vertical fissures appeared already 
by Q* - 0,63 kg/cm2. After them inclined fis- 
sures started, until the total failure by 
0,8 kg/cm^. The plane of rupture was rather 
rouffh. but its mean inclination to the hoii- 
^nta is - 600. Thus cp"- 2(^1 -45O). 



It is worthwhile to note that it is 
practically impossible to discern a abrupt 
change in the diagram deformations-stresses 
of fig. 7b for q* - 0,63 kg/cm^. Only a visual 
inspection of the sample during the test al- 
lowed to detect this value. 

The values Iq j, and even W*o are larger 
than Wg. ’ 

compression test under water : fig. 7c. 

The sample was first contacted at its 
bases to a free water source and was then 
loaded rapidly vertically. The specimen fail- 
ed under a stress q<ir * 0,424 3cg/cm2, 2* after 
the start of the test. 

Angles « s 50® andoC - 55® were measured, 
giving (pi - 200. 

The limit circle (18) of fig. 7a, cor- 
responding to (Tb » 0, gives (T^ * 0,37 kg/cms 
value which is a little smaller than the rneas* 
ured value q^ - 0,424 kg/cm^ 

special cell-test : fig. 7a - circle (19) 

The same procedure as for the sample 11 
24814 was followed, but the initial overall 
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This value is a little larger thaix the value 
Hq of the singular point, hut smaller than 
the ordinate of the point of tangency to the 
straight line c* • 0,16 kg/cm^ 

10® (fig. 7a). The smaller value of the 
shearing resistance obtained in the special 
cell-test is related to the fact, that be- 
cause of the loading schedule the deforma - 
tions by constant volume are smaller in the 
special test than in the ordinary one. thus 
giving a smaller value of the angle ip'. 




kg/cm2. After consolidation under this load 
circle (18) is obtained. The value <p - 3^® is 
probably a little too high and the value c - 
0,005 kg/cm^ a little too small, because by 
considering the common tangent to the circles 
(1) and (18), the influence of the increase 
of compacity on the shearing-resistance is 
neglected, « 

Farther * Of ^5 kg/cm'^. The sample having 
been taken at a depth of only 1,30 m, the 
value of CTj; indicates that the sample has 
been consolidated under capillary pressures. 

Wc » Of 15 kg/cm2. 


- compression test: fig. 8b - table I 
q » 0,477 kg/cm2 q» . 0,416 kg/cm^ « 


<p''*24®^o,r • ^>232 kg/cm^ W*o - 0,19 kg/cm^. 

« and f* are again larger than W.. The 
0 , r 0 ^ 

angle deducted from the observed plane of 
rupture is located between f and (f' . 


C* SAMPLSS OF m^YSY MARL , 

Three undisturbed samples of clayey marl 
were subjected to cell-tests and compression 
tests, A distinct part of the same sample was 
used for each of both tests. 

The physical properties of one of the 
samples are given in fig. X. All specimens 
had h « 14,5 cm, « 6,54 cm* The results of 
the tests are given in fig. 8,9 and 10 and in 
table I. 

SAMPLg 40600 , 

cell-teat X fig. 8a - table X. 

In 14* 36" the senple was loaded to 2,53 


SAMPLE 40,499 . 

- cell-test: fig. 9a and table 1. 

The value of q|> is a little too high, that of 
c a little too small. 

- coiiq)ression- test: fig. 9b and table I. 

The value of ^ is larger than W^. The angle 

<p''i8 located between (p* and (p • 

SAMPLE 40.497 . 

- cell-test: fig. 10a and table I. 

- compression-test: fig. 10b and table 1. 

One gets 

In this case <p " Is saialler than Cf. 





WIPLE : 16025 


^•02? K&'tfl* f’-lt 


{■■■■■■■■Pcatfi-israiiiB 

b^i«itfT<i:iisw»Si'>WPgiflWS^wS 


Mifflin 






inam^i 

IS™ 




SAIKU : I61OO5 


^SSSSSSSSSnSSifii^SSliilSSSa 

l»■■■ep^.r^'4Cc''4v.«VL««•alKnl^!l■nB■PK'■ 
lss»r'«;i.''«KKriC/^iii:^fiUOBiHBav|a£aii 
O’Si ■>?*SKVllKlKSFJ!Vai1 


SAMPLE 16l013 


L-ws N^cn* \f «»• 




lE:i 


jniBP^SSBSI 

BBHRS^PBPPSsBSj^BSBBB: 
jBaBBBe!^^-;r;:r<^S*#i^KailSBPISll0R:slB: 

l^'f '/£(7af7i tfamti/M^PitiiaiiimBiMiBiii 


cMgmRsiy) . 

Sl^t sa^^Ies vttxe subjected to oelX- 
and. ooi^ressicntests* tor each of both tests 
a distiuot part of the saae saaple was used* 
Ihe pl^ioai properties of the^ saaiple 
and their locatloa uodexneath the soil sur-' 
face are given In fig* 1. . 

All specimens had h » 1A»3 cm* p« 6,^ cm* 
The results of the tests are given in fig* 11 
till 18, and in table I* The part *a" of each 


RiiBBPBiiiiiiliiiiilS 
lamUBSElHIHl 
liPB'eMHKnHy 

■BPHBH 

■■■■■BBH 

■■■■■BKi 


FIG.14b 

fig* gives the celltest, the part '*b'* the 
eoi^ression teat* ^e coapresslon test gives 




















FIG.15b 

tne lo6d of failure the measured angle ck , 
and the quantities ^ and (j)" deducted from 
the measurements. * .. 

A trial was also made to deduct from the 
ahape of the compression diagram a value q | 
from idiich the deformations start to increase 
rep idly* 

It is difficult to determine exactly the 
value of q • : thus this value is more or less 
arbitrary. 

From these values q* the quantities f ^ 
ape computed. Comparing the results of the 
compression tests with those of the cell- 
tests for the 8 samples tested , the following 
ooxiclusions are obtained t 

1) The value, fo.r «« generally noticeahly 
larger than thS^alues W/. of the cell-tests, 
Z) The values W’q^ which are difficult to de- 


FIG.16b 

termine exactly, are generally larger than 
or equal to those of *«. For fc the central 
value is located between 0,36 and 0,29 kg/cmS 
and the mean value is 0,318 kg/ cm*. For W*o 
the central value is 0,55^ kg/cm^, and the 
mean value 0,386 kg/cm 2. , 

5) The values of deducted f 3?om the planes 
of rupture are generally located between 
those of 9or<p' ,but are sometimes equal to 
one of these quantities. 

aRTJBRAL CONCLUSIONS. 

1) The shearing-resistance deducted from the 
load of failure in compression tests is 
larger than that corresponding to the singul- 
ar point of the cell-tests. If the latter is 
considered to be the shearing-resistance of 
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the soli In its natural state, it is conclud- 
ed that, for the tested samples of very various 
origin, the shearing-iresistance increases in 
the compression test with the applied load, 
even when the watercontent remains constant. 
This increase becomes especially is^ortant 
when the deformations of the sample are large 
and is thus correlated to a structural resis- 
tance. 

Z) In the compression tests it is possible to 
fix, thou^ In a rather arbitrary and not 
very exact manner, the load under which 
the first fissures appear, or from which in 
the diagram deformations-loads the former 
start increasing repldly. The shearing-re- 
sistance W*o corresponding to this load q', 
is generally still a little larger than the 
value Wq of the cell-test, but approaches 
more to this latter value* The better accor- 
dance is to be correlated to the fact that 
the defoirmationa by constant volume being 
smaller for loads smaller than q* , the in- 
fluence of the structural resistance is less 
than for values higher than q'» 


3) The influence of the structural resistance 
is also indicated by the results of the 
special cell-tests, where, by smaller deform- 
ation under the same state of stress, the 
shearing-resistance is smaller. , 

4} The apparent angles of friction <p , ob- 
tained in very quick cell-tests, thus prac- 
tically performed by constant watercontent, 
are also considered to be produced for a luge 
part by the influence of the structural re- 
sistance. 

5) Finally, the good agreement between the 
values of the natural effective pressures 
^ o values (Tt deducted from the 

cell-tests, and also the good agreement of 
the magnitude of the values Wq end W'o» i^** 
dicate that the results of the cell-tests sre 
at least as reliable as those of co^ression 
tests and of the quick triaxial tests. 

But the cell-tests have the advantage that 
they give much more complete information 
concerning the shearing-resistance, and that 
they can be ripidly performed on one and the 
same sampXa. 


— 0 — 0 — 0 — 0 — 0 - 0 — 
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THE MGLB OF SHEARING RESISTANCE IN COHESIVE SOIi;S 
FOR TESTS AT CONSTANT WATER COSTEUT 

H.Q GOLDER, K.Eng., A.M.Inst.C.B. 

A.W. SKEMPTON, M.Sc,, P.G.S., A.M,Inst,C.E. 


One very sinple method of analysing stab- 
ility problems in cohesive soils, which is 
much used in J£ngland, is that known as the 0 » 

0 method* 1) In this method it is assumed thst 
under conditions of no water content change, 
the soil shews an az^e of shearing resistance 
4> equal to zero* however, it is known that 
tests do not always show ^ - 0 and the choice 
of the values of the shear characteristics to 
be used in the analysis is usually the most 
difficult part of the problem. The authors have 
examined several hundred sets of test results 
on veiy diverse soils and have found that they 
can he conveniently classified into groups 
which are given below. 

The tests were all immediate triaxial com- 
pression tests* The technique employed in Eng- 
land in this test is different from that in 
use in some other countries, although it cor- 
responds to the "quick” triaxial test as used 
in the U.S.A, 2) The sample of soil is a cy- 
linder in diameter and in length. It 
is surrounded by a rubber membrane 0,01" thick 
which is sealed to solid metal end plates in 
contact with the ends of the sample* The amount 
of water inside the membrane cannot change dur- 
ing test* Thus the mean water content of the 
sanqple must remain constant, although migra- 
tion of water within the sa^le is not prevent- 
ed hy tb3 conditions of the test. The sample, 
sealed inside its rubber membrane and end 
plates, is then placed in a cell in which it 
is surrounded hy water under pressure. This 
fluid pressure acts all round and on the ends 
of the sample. The vertical pressure is then 
increased by means of a piston, until failure 
occurs. During the test the sanople is comple- 
tely isolated and no measurements of volume 
change or internal pore-water pressures are 
made* The rate of strain during test is about 

1 per cent per minute and failure is reached, 
with most soils after about 10 minutes* 

The test results fall into the following 
groups: - 


I, Soft fully-saturated clays 

II. Stiff fully-saturated clays 

III. Fully-saturated remoulded clays 

IV. Partially saturated undisturbed soils 
V, Partially saturated remoulded soils 
VI. Clay shales & siXtstones 
VII, Saturated undisturbed silts, 

I. SOFT FOLLr-SATORATED CLAYS ■ 0 . 

Many examples of this type of material 
were met with. Most of them were soft recent 
alluvial clays In some cases containing peat. 
They were nearly all completely saturated and 
all had liquid limits greater than about 38^* 
In all cases ^ was equal to zero, although 
cases occurred where variation in stroigth of 


the material from one test to another resulted 
in an unusually large or small Mohr circle un- 
der one lateral pressure. Seven examples are 
given in Table 1. Example b may be only 98% 
saturated and may exhibit a small ^ of 1? 
Example f is London clay (Eocene) softened by 
weathering near the surface, all the others 
are recent marine or river alluvium. The Mohr 
circles for exanple c are shown in Fig. I. 


SAMPLE 1(c) 

C - 810 LB/FT* 

0 - O' 
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FIG.1.2.3 

II, STIFP POLLY-SATORATBP CLAYS ^ . 0 . 

Many stiff clays occur in England, the 
most important being the stiff fissured Lon- 
don clay, A large number of test results were 
avalla^e on this material, aM these establish 
without doubt that although a considerable va- 
riation may occur between single results, tbe 
mean of a large number of tests is the same 
whatever tbe lateral pressure. The 8treag:th 
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uxider s6ro lateral pressure is. hoveTeri con-* 
slstently lower by about 20^ than that under 
an7 other pressure. This Is attributed to the 
effect of the fissures and does not occur with 
the same material when remoulded. Other stiff 
clays also occur, some of which are not fis- 
sured, and eight examples of different types 
are given In Tablell. All the samples axe 
fully or almost fully saturated end in each 
case 0 - 0 or very sli^tly more, but never 
exceeds 2^. The liquid lisdta range from 
to 111 but all the samples with liquid limits 
below 40 are boulder clays of glacial origin. 

III. FOLLY SAIUBAMD BBMOOUED OIAIS ^ - 0 . 

When testing clays containing stones, the 
authors have sometimes found it necessary to 
remove the stones and remould the clay before 
testing. This procedure is permissible in 
soils such as boulder clays which ]tove little 
structure, and also in the case of material 
iriiich is to be used, or has been used as fill, 
by very heavy conpactioa it is possible to 
reduce the air voids practically to zero in 


which case ^ is found to be zero. Pourexai^les 
are given in Table III Szample d has a liquid 
limit of 26^ and is only 95 ^ saturated and 
there ere indications of a small ^ of <^0. 

XV. FABTIAIiLT SATURAT8D OHDISTUBBin) SOIia 

Clav soils which contain some air, norm- 
ally exhibit a 0 in Immediate trlaxial tests. 
Vour exsnples of tests on undisturbed samples 
of soil are given in Table IV and exasq^le c is 
plotted in Fig. 4. 

V. PAgglAIiLT SATUBATBD HBIiOOU«D SOIia <^ > 0. 

Bemoulded soils which contain air also 
exhibit a ^ • Five exanples of dif fesrent soils 
are given in Table v. Sxamnles d and e are 
taken from a series of tests in which the soil 
was compacted in a standard maimer at differ- 
ent moisture contents and then tested. Fig. 3 
shows the values obtained for c and ^ at dif- 
ferent moisture contents. The density curve 
is also given. 


TABIiE I 


SOFT FUUiY SATURATED CLAIS 


Saturation 

Liquid 

Plastic 

Moisture 

O'lll o 


C p 
Ib/ln'^ 

/A"* 

Description 

% 

Limit 

% 

Limit 

% 

Content 

% 



r 

8 

a) Go sport .Very 

100 

82 

29 

58 

0 

2.90 

210 ■ 

0 

soft recent 





20 

2.94 



marine clay. 

Normally 

consolidated. 





40 

2.88 



, 9 

b) Pens, Soft 

98 to 

46 

25 

41 

0 

6.8 

500 

1° 

lagoon silty 

100 



15 

6.8 


clay. Normally 





30 

7.2 



consolidated 





45 

8.1 



10 









c) Neath. Soft recent 97 

168 

60 

105 

0 

9.5 

810 

0 

marine clay. 

to 100 

(peat in 


20 

12.0 



Normally 


sample) 



40 

12.2 



consolidated. 




60 

11.0 



10 









d) Clyde Estuary. 

100 

56 

22 

46 

0 

2.5 

250 

0 

Soft recent silty 




20 

4.5 


clay. Normally 





40 

3.4 



consolidated 





60 

3.0 



10 









e) Avonmouth.Soft 

96 to 

60 

23 

45 

0 

7.8 

560 

0 

recent silty 

100 


30 

7.8 


clay. Normally 
consolidated. 





60 

7.8 



10 









f) Wembley. Soft 

100 

59 

19 

29 

0 

11.5 

850 

0 

weathered 




20 

12.5 


London clay. 





40 

12.0 



Eocene. Over- 
consolidated. 





60 

11.0 



10 









g) Newport, Mon. 
Soft intact 

100 

61 

24 

44 

0 

50 

3.2 

3.2 

250 

or 

0 

grey clay. 
Recent river 





60 

4.2 

230 


alluvium. 
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TABIB n 

STIFF FOLLI SAITORATED CLAYS 


Saturation 

Description % 

Liq;uid 

Limit 

% 

Plastic 

Limit 

% 

Moisture 

Content 

% 

^11 p 

Ib/in"^ 

^-®i« 2 
Ib/ln'" 

^ p 

"T 

11 

a) Durban«?irm 
estuarine 

clay t Highly 

over-consoli- 

dated 

100 

111 

28 

58 

0 

15 

30 

45 

15.7 

16*8 

15.9 

17.2 

1,180 

OP 

1,150 

0 

12 

b) Peterborough 

Very stiff 
laminated 

Oxford clay* 
Intensely over- 
consolidated* 

100 

87 

30 

21 

0 

30 

60 

93 

86 

86 

6,500 

0 

10 

c) Cambridge, Stiff 
fissured clay* 
Gault* Over- 
consolidated 

98 

74 

29 

30 

0 

30 

60 

25.5 

27.5 
28.1 

1,950 

0 

or 

10 

10 

d) Conisborough* 
Stiff weathered 
clay* 

100 

42 

14 

13 

0 

30 

60 

34.7 

54.7 

34.8 

2,500 

0 

10 

e) Manchester* Stiff 
sandy boulder 100 

clay. 

34 

14 

16 

0 

50 

60 

55.6 

32*9 

36*0 

2,450 

1° 

12 

f) Wrexham. Stiff 
laminated clay* 
Pleistocene* 
Normally 
conaoli dated* 

100 

36 

18 

26 

0 

20 

40 

60 

28.0 

33.0 
27*0 

29.0 

2,100 

0 

13 

g) Walton. Stiff 
fissured London 
Olay* Eocene* 
Over “Consoli- 
dated* Mean of 

50 tests at 
each pressure* 

100 

70 

25 

27 

0 

20 

40 

60 

26*4 

31.7 

32*9 

34.1 

2,250 

or 

2,160 

0 

2 

10 

h) Leyton* Stiff 
fissured* London 
Clay* Eocene* 
Over-consoli- 
dated* Single 
tests* 

97 to 

98 

66 

20 

27 

0 

20 

40 

60 

23.9 

27.1 
25.6 

29.1 

1,900 

or 

1,870 

0 

lO 


SAMPLE H (e) 

C - 7aOLa/FT‘ 



FIG.4 


VI. CLAY-SHAT.ES & SILTSTOHES 0 . 

It been shown by Terza^i 3) that 
the area of contact between the grains in most 
soils is very small (less than 1%), but it is 
probable that in materials with very low poro- 
^ties, such as slates the area of contact is 
appreciable* Between these types are shales 
and clfly«8h^68 in which it is possible that 
some small area of contact occurs. If so, 
these soils would be expected to show a ^ in 
immediate triaxial tests. The seven examples 
given in Table VI all show a^. Some of these 
soils do not appear to be saturated although 
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TABLE HI 


FULLY SATURATED HBMOULDBD CLAYS 


Description 

iration 

% 

Liquid 

Limit 

% 

Plastic 

Limit 

% 

l^isture 

Content 

% 

lb%i^ 

l^jj 

^ o 

m 

12 ' 
a) Uulrhead. 

Boulder clay. 
Optimum 
moisture 
content 

16.5% 

100 

40 

17 

17 

0 

45 

R 

■ 

■ 

21 

0 

15 

30 

^5 

10.7 

11.8 
10.6 
10.5 

780 

■ 

li) 5yde Park. 

Broim London 
cley.Uean of 

10 tests at 
each pressure. 

100 

82 

23 

35 

0 

30 

60 

1 

H 

2,000 

1 

10 

c) Ireland. Gravelt' 
sand and clay. 
Optlmm molstruore 
content 16% 

100 

42 

20 

22 

0 1 
20 ! 
40 

60 


580 

1 

10 

d) Ireland. Gravel 
sand & clay. 
Optimum moisture 
content 10% 

95 

26 

11 

15 

0 

20 

40 

60 1 

H 

1,050 

0 or 

1 


TABLE IV 


PARTIALLY SATURATED UKDISTURBED SOILS 


Description Sat 

uration 

1 ^ 

Liquid 
, Limit 
% 

Plastic 

Limit 

% 

Moisture 

Content 

% 

lb/ln‘^ 

Ib/in*^ 

i 

^ ? 
Ib/ft*^ 

0“ 

14 

a) Blue Mountain 
Derm, U.S.A. 
Reddish brown 
mottled clay. 

i 

87 

30 

i 

19 

19 

0 

14 

42 

125 

j 20 

58 

1 91 

234 

820 

28 

! 

10 

b) Soulthorpe.Browx 
fine sand with 
some silt and 
clay. 

72 

18 

11 

13 

0 

20 

40 

60 

14.1 

44.1 

65.2 

87.0 

1,570 

19 

' 10 

c) Prestwick. Soft 
brown sandy 
clay. 

90 

1 

65 I 

17 

25 

0 

20 

40 

60 , 

1^,5 

48.7 

74.9 

110.0 

720 

i 

1 

1 

26 

1 

! 

d) Conisborough. 
Firm clay 
and weathered 
i siltstone. 

80 

III 1 1 

i 

36 

! 

1 

j 

20 1 

i 

12 

0 , 
30 

60 ’ 

— 1 

35.5 

58.5 1 

91.6 

1,700 . 

20 
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Description 


10 

a) Brynmawr. 
Boulder clay. 


10 

t) Newport, Hon. 
Devonian Marl. 


c) Newport, Uon. 
Weathered 
clayey Devonian 
Marl. 


d) Ireland. Gravel, 46 
sand and clay. 


e) Ireland, Gravel, 57 
sand and clay* 





Liquid 

Limit 

Plastic 

Limit 

Moisture 

content 


2 

Ib/in'" 

C 2 

Ib/iti 


% 

% 

% 







15 

0 

71.5 

4,400 

10 



50 

88.0 






60 

97.0 



35 

20 

18 

0 

75.0 

4,200 

17 



20 

85.0 






40 

110.0 






60 

120.0 



56 

20 

22 

0 

54.5 

1,700 

24 




20 

75.0 






40 

90.0 






60 

115.0 



42 

20 

10 

0 

85 

5,500 

50 




20 

123 






40 

164 






60 

203 



27 

12 

6 

0 

78 

3,000 

35 



20 

124 






40 

175 






60 

225 




EXAMPLE I(d:) 



EXAMPLE It (e) 

liquid limit 71 


mtm 


^ o 

1 I 

40 4000 

30 3000 
20 2000 
to 1000 


8 10 12 14 16 IB 2 ^ 22 24 

MOISTURE CONTENT /» 

FIG3a 

they occur well below ground water level and 
in these cases the ^ may of course be due to 
an air content* However, three of them are de- 
finitely saturated. The liquid limits of all 
these soils are about 50 - 55* 

VII, gATin?A<ran omdihtunhbd silts 0 . 

The last group is most interesting. A 
few silts have been tested which give a p 
even though saturated. Not mai^ of these ma- 
terials have been found and some results have 
had to be rejected since the water contents 
were lower in the stronger samplhs, although 


■BgaB—a 


40 4000 


30 3000 


20 2000 


10 1000 


4 b g 10 12 14 16 IS 20 

MOISTURE CONTENT % 

FIG.5b 

the authors are of the opinion that this did 
not account completely for the 
strenffth. Five eian^les are given in Tableyil. 
Sample a is a recent marine alluvium. Sandies, 
b. c and d are Eocene silts taken from a 
d^th of about 40-50 same site 

but not at the same time. They are permiable 
and definitely frictional. San 5 >le e was t^en 
from a pleistocene deposit formed in a facial 
lake The soil becomes more silty with in- 
creasing depth and samples above sample e 
sSSlHo /but had a higher liquid ll^mit, A 
typical test result is given in Fig. 7. 
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TABia T1 

r.T.tT RH*T.T 8 a AJID SILTSTOHES 


„ , Saturation liquid Plastic Moisture 

Description ® Limit Limit content 

% % % 


IV-in^ 


o 

Xb/tR 


^ 2 ^ 


10 

a) Fortlshead. 
Stiff red clay 
shale Kemper 
Marl. 


81 


41 27 


20 


0 

30 

60 


30 

71 

110 


1,440 23 


10 

b) Portishead# Stiff 
red & green clay 
shale, Kemper 
Marl, 

100 

29 

a? 

19 

oooo 

38 

69 

109 

133 

1,600 

27 

10 

c) Newrort, Uon« 

Hard fissured red 
silt stone* 
Devonian* 

91 

30 

17 

9 

0 

20 

40 

60 

23.0 

49.7 

90.0 

125*0 

900 

28 

10 

d) Newport, Mon* 

Firm red 
weathered 
si It stone* 
Devonian* 

100 

32 

16 

10 

0 

20 

40 

60 

24.5 
47.2 
55.0 

57.5 

1,440 

16 

10 









e) Severn Estuary, 

100 

50 

17 

15 

0 

41*5 

2,300 

16 

Firm red clay 





20 

62.0 



shale* Kemper 





40 

78.0 



Marl* 





60 

85*5 



10 









f) Waun-y-Gilfach* 

86 

Not 

known 

9 

0 

17.6 

1,600 

25 

Laminated grey 





20 

63.1 



clay shale. 





40 

90.7 



Coal measured. 





60 

121*5 



10 









g) Dormanstown* 

90 

c56 

c22 

18 

0 

13.5 

700 

22 

Hard grey shale 





40 

60.5 








60 

86.5 




SAMPtE SI (c) 

c • 900 lan* 

0 • 28 * 



FIG.6 


DISCDSSIOlt . 

The results quoted in this peper were 
obtained in the course of routine teats on a 
large number of 8a]q>les tested for the ana- 
lysis of very diverse problems, TIm classi- 
fication suggested in this paper was not en- 
visaged lAien the tests were carried out and 
in some cases the lack of some piece of in- 


SAMPLE BH (4) 

C - 720 lb/ft* 

0 - 24* 



PKIMCIML ST«S«S LWFT* 


FIG.7 

formation or doubt about a test result has 
forced the rejection of several examples 
which could have been included had check tests 
been carried out at the time of test. 

With saturated clays, idiether soft or 
stiff, undisturbed or remoulded, sufficient 
tests have been done to prove that there is 
no ixLcrease in shear strength for the con - 
ditions of this test. This result is c<^im- 
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TABLE YII 


SATURATED UMDISTnPBBn SILTS 


DMcrlption Satvratlon 

Liquid 

Limit 

% 

Plastic 

Limit 

% 

Moisture 

content 

% 


<n -«Si 2 


r 

10 

a) Clyde Estuary* 
Compact 
slightly 
clayev silt* 
Recent* 

100 

31 

21 

24 

0 

20 

40 

60 

16*0 
35.5 
68.8 
100. 0 

720 

24 

10 

b) Poole. Compact 
grey-idiite silt. 
Bocens* 

100 

25 

19 

21 

0 

20 

40 

60 

13.0 

115.0 

110.0 

200*0 

450 

38 

10 









e) Poole .Firm 

100 

32 

15 

19 

0 

19.1 

750 

3^ 

silty-clay. 





30 

81.4 








60 

185.0 



10 









d) Poole. Firm 

100 

30 

12 

15 

0 

77.5 

4,040 

18 

very silty 


to 55 

to 15 


20 

97.4 



clay. 





40 

110.5 








60 

129.0 



10 









e) Wrexham.Firm 

100 

23 

15 

16 

0 

18.8 

1,000 

19 

silty clay. 





20 

38.3 



Fleistooene. 





40 

34.8 








60 

75.0 




ed by the results of a leirge aumber of tests 
carried out in the U.S.A* under similar con- 
ditions. 2) This result presumably means 
that the effective pressure does not increase 
with the lateral pressure « as shotm by Teiv 
eaC^lf 3) 4) Bendullc 3} and Jurgenson. 6) 
It is significant that no soil in Table 
I has a liquid limit lower than 46%, A care- 
ful search through several hundred test re- 
sults showed that no soil which would fall 
into Gr^ I had a liquid limit less than 
about 38^ In Group II the only soils with 
liquid limits below 40% were boulder clays or 
were of glacial origin i.e. soils in idiich 
the clay fraction was not very active being 
composed of mechanically comminated roch 
flour. Cooling 7) has shown that the particle 
sise distribution of these soils is llVcely to 
be the same as that of a "normal'* clay soil 
with a higher liquid limit. 

In Group VXI the number of tests is 
small but Is definitely greater than sero. 
No sample in this Group had a liquid limit 
greater than 33%« The authors' tentative ex- 
planation is that these silts have a dilatant 
structure. This phenomenon is familiar in 
dense sands and is the name given to an ex- 
pansion of the material consequent i;^n shear 
deformation. Such an expansion, which need 
oxay occur on the plane of shear failure, can 
result in a drop in pore<^water pressure which 
may even become negative. Since the total 
pressure remains unchanged the effective pres- 
sure must increase by a corresponding amount. 
The shear strength therefore incregsee with 
lateral pressure. This effect would only be 
expected in soils with a pronounced structure 
and may not occur with the same soil when re- 
moulded. Farther it is likely to be restrict- 
ed to soils of a certain particle sise. In 


this respect it should be noted that the liq- 
uid limit is not an index of particle size 
and the particle size of the various soils in 
Group VII may be considerably more alike than 
would be expected from the liquid limits. 

In the partially saturated soils of 
Groups IV and V the increase in strength with 
lateral pressure Is easily explained ^ im- 
mediate compaction and what might be called 
"micro-consolidation" into the air voids. 

In the case of the clay-shales and silt- 
stones of Group VI it seems possible that 
there may be an appreciable area of grain to 
grain contact, in which case the effective 
pressure can increase immediately with in- 
crease in lateral pressure. On the other hand 
the possibility of dilatancy in these mate- 
rlalB cannot be ruled out. 

The authors are aware that in the type 
of trlaxial test in use in Holland end Bel- 
gium angles of shearing resistance greater 
than zero are habitually obtained for fully 
saturated clays. The authors are of the opin- 
ion that the evidence indicates that this is 
due to a certain amount of consolidation oc- 
curring during the test. This point is im- 
portant and the authors hope that full dis- 
cussion will result in agreement. 

TENTATIVE CX)NCLaSIONS . 

1} All clays which are fully saturated, whether 
soft clays of recent origin or stiff fis- 
sured clays which have been over-consolidated, 
have an angle of shearing resistance of zero 
for the conditions of these tests, where no 
water content change is allowed to occur un- 
der the applied stress. 

2) All clays which are partially saturated, 
either because they exist above present 
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ground water level or because they hare been 
excavated and reconpacted, exhibit an angle 
of shearing resistance always greater than 
zero, 

3) Clay-shalee and siltstonee give a value of 
d greater than zero. In some cases this 

may be due to partial saturation, but the evi- 
dence suggests that there may also be some 
other cause such as appreciable area of con- 
tact between the grains, 

4) Some saturated silts give values of ^ 
greater than zero even when tested under 

conditions of no water content change. These 
silts have liquid limits less than about 
The reason for this result is not known but 
it is suggested that it may be connected with 
the phenomenon of dllatancy which could cause 
an Increase in effective pressure due to a 
decrease in the pore-water pressure, 
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A STUDY OF THE IMBffRnTATB TRIAXIAL TEST ON COHESIVE SOILS 
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University Reader in Soil Mechanics and 
Assistant Professor at Imperial College, 
University of London 


1. INTRODUCTION . 

Two basic types of compression test are 
txsed for investigating the shear characteris- 
tics of cohesive soils. Firstly the Imediate 
triaxial test, in irtiich the specimen is stress- 
ed under coi^itlons of no water content change. 
The unconflned compression test is a special 
case of the immediate triaxial test, where the 
applied lateral pressure is zero. 

Secondly, the equilibrium triaxial test in 
ihich the speeij^ns is allowed to attain equi- 
librium under an applied hydrostatic^pressure 
before being tested in compression x). 

The immediate triaxial test is* from the 
practical point of view, the more useful and 
provides the basis for the $ = 0 analysis of 
stability in saturated clays. The equilibrium 
test is less easily interpreted and may, in- 
deed, be misleading in the evaluation of 
stability problems (Terzaghi 1947)* 

In the present paper an attempt is made 
to study the Immediate triaxial test from 
three points of view: 

1) to assess the significance of the in- 
clination of the shear planes in compression 
specimens of cohesive soils 

11) to obtain a theoretical expression 
for the pore water pressiire set up in a satur- 
ated clay when stressed under conditions of no 
water content change 

ill) to obtain a theoretical expression 
for the compression strenght of a saturated 


clay, as measiired in the immediate triaxial 
test, in terms of the true cohesion and true 
angle of internal friction as defined by 
Hvorslev (1937)* 

The treatment is approximate, but it is 
presented in the hope that it may prove useful 
in further research work. 

2. THE IMMEDIATE TRIAXIAL TEST . 

In the immediate triaxial test a cylin- 
drical specimen initially in equilibrium at 
some particular water content under a capil- 
lary pressure xa) p, is placed between non- 
porous end pieces and covered with a thin rub- 
ber envelope* The specimen Is subjected to a 
hydrostatic pressure ai and the axial pressure 
l6 then progressively increased until rallure 
occurs under a total applied axial pressure 
No water content change Is allowed to take 
place during the test. 

With saturated clays the compression 
strength (0) - ) is found to be a constant, 

FT In the u.s.A. these two types are referred 
to as the "quick" and "consolidated" 
triaxial teats (v. Triaxial Shear Research 

1947). 

xa) in Laboratory work on retooulded clays p is 
the presBoxe under which the specimen has 
been consolidatlo prior to the test* 



tov any glTan vatar and tha clay la 

^rafora behaving vith raapact to the applied 
atraaaaa at fallnra aa a purely coheBlva mate*- 
riali vith an angle of ahaaring raeiataDca d 
equal to aero* ^Cha apparent cohesion or ”^ear 
strength** of the cley is thus (v.Fig.la). 

c * i ( o; - 05 ) (,) 

and ^a criterion of failure ia the basis of 
the $ s 0 analysis of stability in saturated 

clays. 


T 

WCAR 




MfilfO mtKiPM. tlRCSS 


$«A1. 

A PLAMC 


/ 


IT 


COMtSiOH [KHIAR STilCHOTH|C»^ [<r,-C',] 

anclc or tHCAiriNc rcustancc f>o 
ANCtC or IMTCIMMi MICTIOM ^ 

Typical results of iaaedlal triaxlal testson 
saturated clay> 

FIG.la 

It is clear fpon Fig, la that the uncon- 
fined compression strength (where 03 = 0) is 
identicaJ. with the strength found in the ime- 
diate triaxial test even idien O3 is large. 

This result was proved experimentally hy 
Terzac^ in 1932* 

With saturated silts and partly saturated 
clays the angle of shearing resistance is 
greater than zero» in spite of the fact that 
no water content change takes place. The 
reasons for this behaviour are believed to be 
(i) that dilatancy occurs in silts and the 
^re water pressure can therefore decrease 
with a corresponding increase in effective 
pressures and (ii) that the presence. of air 
voids in a partially saturated clay results In 
an almost instantaneous increase in effective 
pressure » althou^ the overall volume change 
may be mail (^Ider and Skempton 1948). 

In all t;^8 of cohesive soils it is of- 
ten observed that failure takes place by 
shearing along quite well defined diagonal 
planes (Luders* lines) and that* with very few 
exceptions t these planes are inclined at angles 
of more than 45^ to the horizontal ( <J\ being 
taken as vertical). 


5. nrCLIHATION OF THB SHEAR PLAISES a 

iccording to Mohr's theory of failure the 
shear planes in a compression specimen should 
be inclined at (45^ “^ } $ ) where § Is the slope 
of the envelope curve » Csee Fig. lb). This is 
in reasonable agreement with ooservations on 
those materials which fail in shear » such as 
steel and xb) marble and it mi^^t be expected 
that the ahear planes in a satiurated clay test- 
ed at constant water content would be Inclined 
at 450 idiile the apgle would be steeper than 450 
for silts (and for saturated clays In the equi- 
librium triaxial teat idiere | is greater then 
zero). Terza^ in 1936 demonstrated, however, 
that the inclination of the shear plane depends 
upon the true angle of friction of the soil and 
la entirely Independent of the angle of shear- 
ing reslstuica. 

This important fact ia not widely appre- 
ciated and the following enalysls has been 
presented to emphasise &e point and also to 
provide a basis for mathematical treatment 
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in sections 4 and 5* da the initial condition 
it will be assumed that the specimen la in 
equilibrium under the pressure p. During the 
applications of the pressures cn and qj pore 
water pressure will be establlsned, as observed 
bv Rendullc (1937) end Teylor (W?). K at the 
time of failure the pore water pressure is u 
then the effective principal stresses xc) will 

I 

fl;=p+a;-u 

It will now be assumed that failure takes place 
on a particular plane idien the shear stress on 
that plane Is equal to the shear strength of 




FIG.lb 

the soil, defined by the equation 

s = Cq + n*tan (3) 


This Is the Coulomb criterion of failure In 
which, following Hvorslev (1937), and 
are the true cohesion and true angle of inter- 
nal friction of the soil at the water content, 
or porosity, of the test specimen, and n' is 
the effective pressxxpe nomal to the plane . 
Both Cq and ^ will vary with water content 
but at any given water content they can be tak- 
en as constants, 

Now the effective normal pressure and the 
shear stress on any plane inclined at ot to the 
horizontal are: 

2 2 ' 

n'=<Jj['co5 o< + o^'sin (x 


Thus from equation (2) 

I 2 -2 

n =p+ajoo5 « + (j^ 5 in<x-u 

For limiting equilibrium along this plane 

2o<= Cg+|p-i-ojco5«+(55in^ot-tjjtan (6) 

and failure will take place along that plane 
where in equation (6; is a minimum. The va- 
lue of oc satisfying this condition can be 


found by equating 


^ to zero, and is 
dot 

o<= ^5°+-^ 

2 


xBl v.Badai (1931) , Mohr's theory does not 

strictly apply to materials such as concrete 
which fail partly by shear and partly by 
splitting. (Terza^ 1943) . 

xcj As defined by Terzaghl (1936), 
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Hence the shear plane Is inclined at 
(450 + i to the horisontal; and this re- 
sxilt is Independent of the pore water press- 
tire u and the angle of shearing resistance 
Bquatlon (4) therefore applies • theoretically, 
to any cohesive soil* 

In tests on individual undisturbed sped- 
mens It is often difficult to obtain consistent 
values of o< owing to lack of honogeneity xd)« 
The author has, however, plotted in Flg.2 the 
results of tests known to hln where this angle 
was reasonably consistent in a number of speci- 
mens of the particular clay* It will be seen 
that there is a marked tendency for to de- 
crease with increasing porosity* The relation- 
ship is particularly clear with remoulded 
soils i^ere anisotropy and structural effects 
are reduced to a minimum* 

Four points may particularly be noted: 

1) Bentonite consists almost exclusively 
of very small particles of the clay mineral 
montmorillonite which are probably surrounded 
by layers of adsorbed water* It would be dif- 
ficult to see how any appreciable frictional 
forces could develop in such a material and, 
as will be seen, the shear planes in the spe- 
cimens of Bentonite are. alone of all the 
cases recorded in Fig. 2 , inclined at very 
nearly 45°* It is possible, however, that any 
clay at water contents approaching the liquid 
limit will show angles close to 43^, This re- 
quires "further investigation* 


il) Other factors than porosity are obvi- 
ously involved* There is for example a definite 
tendency for clays with a neater sensitivltT 
to xe) remoulding to exhibit a higher at 
any given porosity, than those with a less 
sensitive structure* The Massena clay is an 
extreme example, showing a complete loss In 
strength on remoulding, and there may be an- 
other zone in Fig* 2 characteristic of these 
extra sensitive clays* 

ill) It is perhaps significant that the 
sands and gravels appear to link in with and 
form an extension ox the relationship shown 
by the undisturbed silts and clays* This sug- 
gests that in cohesive soils the frictional 
properties are of a similar character to those 
In sands, although less pronounced owing to 
the greater porosities. Terza^t's views on 
clay structure (Terzaghi 194? J seem to be in 
accord with '^is suggestion* 

iv) Host of the clays (LB greater than 
40) have been proved to show a zero angle of 
shearing resistance in the iimaediate triaxial 
test. 


xd) The inclination of the shear planes is 
also influenced by anistropic strength pro- 
perties, (Casagrande and Carrillo, 1944% 

xe) Sensitivity = undls^bed strength 

remoulded strength 



— ... Ulll 


2 Relation between angle of internal friction 

and porosity. 


FIG.2 
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!Qi« total arldaaoa praaanted ixi Pig* 2 
indlcataa tbat, in aplta of tha invita^a dlf* 
flottltlea of datarKination and intararetatlon, 
tha Inolinatloitt of tha abaar planaa la cohaalTa 
BoUa baa a raal phTsleal al^itlcanca and la 
a Baaaara of tha angla of Intamal friction* 
Istamal friotlon ia a diractional propart^* 

Tha angla of ahaaring rasistanca ia not* It la 
sinl7 tha rata of incraaaa in ahaacr atrangth 
praaaura* 

fORB WAfgB HtBSSUHRS * 

In tha foragolng analTSlay idiich applied 
to all eohaslTa aoila* it aaa aufficiant to 
asauaa tha^praaence ox a pora water praasura u. 
In tha case of noib-dilati^ aaturatad clay8| 
howavary it ia possible to darlya an azpression 
for l^ia praasura fron tha condition that no 
Toluma change takes place idien tha clay is 
stressed under conditions of no water content 
chan^* la the following treatnent it is neces- 
sary to realise that a saturated clay is a 
2-pha8e system consisting of a eottpresslble 
structure of nineral particles (the "clay struct- 
ure^) and watert filling the Yoids of the <^ay 
structure* The water can be taken as inconprea- 
sible in conparison with the clay structure* 

It will be seen from equation (2) that 
the changes in effective pressure durizig the 
test are i / \ 

A<i;'=(o;-u) 


A<r3'=-(u-o-,) 

The change ao^ is actually a decrease in press- 
ure since« as will be shown, 0^<u<a^ 

Now a change in effective pressure Is ac- 
companied by deformations in the clay struct- 
ure, and the pore water pressure u must conse- 
quently be such that the specimen, although 
subject to defoimations, remains at constant 
volume* With respect to increasing effective 
pressure (causing cozusolidation) the modulus 
of compression and Poisson’s Ration, of the 
clay structure, will be taken as and>ic 
idiile with respect to decreasing effective 
wessure (causing swelling) the modulus and 
Poisson's Ratio will be and • 

The strains are therefore 

Conseq[aently the volume change is 

^ 5(l-2>ic) 

uhere = is the compressibility 

(volume decrease per unit all-sided effective 
pressure increase) and 3(1 -2|i,] 

is the esqwnsibility (volume increase per unit 
au-sided effective pressure decrease) of the 
cley structure* But the volume change Is ap- 
proximately aero, and, since the o<»pre8SlbiI- 


ijacrease in effective pressure is not sero xf ) 
it is seen that the following relationship 
sust exists 




o;+2A<% 


®ie pore water preesure can therefore be eva- 
l^ted if A is known* For soft clays A approa- 
ches saro, since the ccmjressiblli^ ia far 
greater than the eaq^aDsibility, while the upper 
limit of A is unity* The condition o^<u<a^ 

Is therefore satisfied. 

The effective principal stresaes in a sa- 
turated clay, stressed under conditions of no 
water content change by applied principal 
stress 0 ^ and 0^ , are therefore 

I / X ] 


For most clays A probably does not exceed 
about 0*3 and the practical limita of the ef- 
fective principal stresses are thus 

A=0: a;‘=p 

A=l= cr;=p^ip;-<r,) 

These conslualons are in agreement with expe- 
rimental observations by Rendulic (1937) and 
Taylor (W7) and are, moreover, in general 
accord with the "working hypothesis" put for- 
ward by Oasagrande (1947). 

Squations (14) ere approximate in so far 
as linear stress-volume relationship have been 
assumed, see eqxiation (10)* Where is 

small compared with p , as in a clay beneath 
a foundation, the approximation is probably 
reasonable and equation (14) provides the 
basis for calcxilating immediate settlements. 

In the trlaxial test, however, a more exact 
solution would have to be based on finite 
stresses and non-linear stress-volume relation- 
ships. 

It should be noted that when the hydro- 
static pressure o^is applied to the test spe- 
cimen the principal effective pressures remain 
unaltered at the initial value p. This provides 
an explanation at the eiperimental result that 
$= 0 for saturated clays in the tmediate 
trlaxial test. 

3. OCmRRESSION STB£NGTH IK TERNS OF AND A 

It will now he seen from Equation (3) end 
(14) that 2 Acos^a- 5 m^o( 

nix 

Assuming, as before, ^e Coulomb-Hvorslev 
equation, failure wLll take place on any plane 

« r / . 2Aoos*of-siit*oc'| , 

^-<^s.n2ec=v[p*K-«i) - J tan^ 


zf)Tbi8 must not be confused with the 

comprefisibility of the whole specimen with 
respect to y^ed pressure* This is of 
course equal to sero* 



196 


!Fhe condition 
Intion 


do^ 

da 


O r again loads to ths so- 

'^5»+i£ 

2 

and putting this value of o< in Soation (16) it 
is found that 


7(^ 




ggCOS jf 


4+ sin 


(17) 


This eqxiation Is the criterion of failure » 
based on the assumption of linear strees-voluBie 
relationships for the clay structure} for sa- 
turated cla^s in the immediate trlazial test* 
Since and A are constants for the 

clay at any given water content, corresponding 
to a definite value of p, it follows that 



is a constant at any given water content :which 
agrees with test results. 

It is interesting to note that the effect- 
ive normal pressure on the shear plane is 



Thus this presBTzre does not remain unaltered 
during the test; but the change is directly 
proportional to ( 0^ - Q* ) ^ich is itself con- 
stant, and the chaiige in effective normal pres- 
sure is therefore independent of 


7. A METHOD OF DETERMINING c^ AND di». 

The author would suggest the following 
method of determining Cq and §• for saturated 
clays. A sample is consolidated under a pres- 
sure p and then subjected, at constant water 
content, to an increasing axial pressure until 
failure occurs. 

Thus = 0 and 


1 _ 

0?) 

2 * U sin ^7^) 

0 then 




1+2^ ' 

(20} 

1 CeCOS§^+psm§if 

2. ' 1 + sinJ|(2j-1) 

(21) 


Both A and j can be measttred experimentally, 
thus providing a check on equation (20) and 
providing two methods of evaluating the com- 
pression strength in terms of Ce and • In 
addition can be found, at least approximate- 
ly, from inclination of the shear planes, 
aM thus Cq can be determined. 

The above procedtire can be compared with 
results obtained by the method of Hvorslev 
(19?7). It can not be used for dilating silts 
or partially saturated clays. 


8. CONCLUSIQHS . 

1) The inclination of che shear planes In a 
compression specimen of cohesive soil is a 
function of the angle of internal friction and 


la Independent of the angle of shearing resist- 
ance, i^ch is a non-directlonal property. 

2) For saturated clays, stressed under condit- 
ions of no water content change, the pore 
water pressure can be evaluated in terms of the 
applied stresses and the ratio of expansibility 
compressibility of the clay structure. 

^) Knowing the pore water pressure, either from 
the theoretical expression or by direct meas- 
urement, the compEression strength of a satur- 
ated clay in the trlazial test can be express- 
ed in terms of the true cohesion and Internal 
friction of the clay at the water content of 
the test specimen. 
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A COtTOIBOTION TO gHB STUDY QP *PHg BTASTIC PROPERTIBS OP SAW) 

GUTHUC WILSON, S.M., B*Sq*, 
and 
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NOTATION 


Or-^f (T^i ■ 


@ - 




r • 

E * 

aec 

tan 




M- 

e 




ua^or, Intemediate, minor prin* 
oipal stresses* 
sum of principal stresses* 
greatest shear stress, 
linear strain. 

secant Young* s Modulus • ^ for a 

mass 

tangent Young’s Modulus*^ of 

sand 

grains 

secant modulus of rigidity 
Young’s Modulus for t&e material 
of which grains are composed. 
Poisson ' s ratio 
void ratio ^ ^ 

degree of compaction « 

®max ®min 


INTHODUOTION 

It hSLS long teen recognised that the mo- 
dulus of elasticity of sand is not constant, 
hut varies with the state of stress, and that, 
therefore, sand does not obey Hoolce* s Law. 

BoussinesQ. 1) in 1876 was the first to 
recognise this fact and to mahe an assumption 
regarding the variation of the modulus of 
elasticity. Todhunter and Pearson 2) states 
"Boussineaq bases his theory of pulvurence on 
the hypothesis that masses of pulvurent mate- 
rial stand midway between solid and fluid 
bodies and act like fluids ^en not subjected 
to pressure, but «dien subjected to pressure 
gain an elasticity of form as well as of bulk, 
and act like solids. Boussinesq considers the 
slide modulus to be proportional to the mean 
pressure”. Boussinesq also assumes the dilat- 
ation to be zero, or negligible. His assump- 
tion may be written 


Gsec- c,® 

I ’ 

In 1397 August Poppl 3) described some 
classic testa made in the yard of his labor- 
atory at Munich; he measured surface deflect- 
ions at various distances from a small cir- 
cular loaded area and found that these deflect- 
ions did not agree with those deduced else- 
where by Boussinesq 4) for the case of an 
elastic half space. 

Since then many tests have been carried 
out with the object of determining the distri- 
bution of stress in a loaded sand stratum and 
appear to have shown that the load is not dis- 
persed so widely as would be the case In an 
elastic medium, but the resisting stresses are 
concentrated more closely around the vertical 
axis through the loaded area and are, con- 
sequently, greater in the neighbourhood of the 
axis* 

All these tests were carried out in ar- 
tificial sand fills placed on a rigid base and 
the vertical pressures were measured at the 
bases. 

It remained for Cummings 5) fo point out, 
in 1941, that It had been shown by Blot 6) 
that the presence of a rigid base under an 
elastic medium would produce similar stress 
concentrations. 

In the meantime much effort had been ex- 
pended in deriving expressions for the stress 
distribution that would accord better with the 
results of these tests than those derived by 
Boussinesq for the case of a semi-infinite 
elastic solid. The best known of these express- 
ions are those of Griffith 7) and Frbhlich 8) 
in ^ich a concentration factor v is introduc- 
ed. 



FIG.1 
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Frobllch shows that if the concentration 
factor is equal to 3 t the case reduces to that 
of a semi-infinite isotropic elastic solid^ 
and if it is 4, it is equiyalent to the case 
of a semi-infinite solid in which u^e modulus 
of elasticity Increases in direct proportion 
to the depth* This would be true for the mo- 
dulus of elasticity of the soil, before the 
application of any external load, if eon* ( 1 ) 
were to hold. 

It appears to the Authors that the problem 
of the distribution of stress due to a sur- 
face load on a pulvurent medium has not been 
solyed either theoretically or by test and 
that the idiole question should be reconsider- 
ed. It would be necessary to carry out loading 
tests with stress measuring devices inserted 
at various depths within a sand stratum of 
considerable extent and to compare the results 
of these with those of a theory based on the 
actual elastic pzropertles of sand. The Authors 
having had the opportunity to make a number of 
triaxial tests on sand and having studied the 
results of a number of other tests have as- 
sembled such Information as they can on the 
elastic properties of sand and offer it as a 
contribution towards the data that it will be 
necessary to collect. 

FACTORS AFFECTING THE ELASTICITY OF SAND 

The principal factors which may affect 
the elastic modulus of a mass of freely drain- 
ing sand are the following: 

a) the material of ^Ich the grains are com- 
posed. It seems reasonable to assume that 
this is not important, since the range of 
materials is not great. 

b) the sizes and shapes of the grains. 

Though rhis factor is important, the in- 
finite variety of size and shape makes it dif- 
ficult, if not Impossible, to reduce it to 
simple mathematical terms. 

c) the degree of saturation. This is probably 
unimportant. 

d) the degree of compaction of the sand ( or 
its void ratio or porosity) 

e) the stresses imposed on the sand. 

In the triaxial tests from which the re- 
sults given in this Paper are derived, the 
measured stresses are, of course, the princip- 
al direct stresses 0-3 the last two 

being equal: but they are generalised into®, 
the sum of the principal stresses, and-r, the 
greatest shear stress. 

RANGE OF INVESTIGATION. SAMPLES USED . 

The Authors have investigated the values 
assumed by the tangent Young’s modulus 

course of triaxial com- 
pression tests on two widely differing sands, 
under different coaiblnations of stress and at 
different degrees of compaction, 

One series of tests (A) was carried out 
by the Auti^rs themselves on a sample of Ham 
River Sand from Richmond, Surrey, England: the 
other (B) was performed by Prof. A. Casagrai\de 
and Mr. John D« Watson at the Harvard Univer- 
sity Soil Mechanics Laboratory on sand from 
Franklin Falls, N.H., U.S.A. and published by 
the U.S. Army Corps of Engineers 9). The grain 
size curves of the two samples are given on 
figure 1 , and the specific gravity of the mate- 
rial of each, and their limits of compaction, 
are also noted on the figure. 

RESULTS 

The results of Series A are summarised in 
figures ( 2 a) to ( 10 a), and corresponding re- 


— — “ O', Ka/cM? 



FIG.2a (Sand Ail>g. 28 ») 
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FIG^a 

suits of Series B are given in figures (2b) to 
(XOb). 

Figures 2 are typical stress strain curv- 
es resulting from the triaxial tests. 

Figures 3 to 6 give contours of on 

axes of0 andx- for four different values of 
the degree of compaction. 

Figures 7 to 10 are axonometric diagrams 
of the surface. 

Qomssm 05 resui/ts 

l!he -results presented shoe the overtirtielm- 
Ing Importance of the shear stress, iidilch was 
not taken onto account by Bousslnesq. 



FIG^b 


A 



FIG.9a 

starting from eqn. (1) it is easy to de- 

& 

duce that — (^) 

*^5 


ifOj- 04 be one of two equal minor princip- 
al stresses. 

On the £4.0^#® plane, i.e. iriiere 
eqn. ( 2 ) reduSH to ‘ ^ ^ 3 

( 5 ) 

It will be seen from figures 7 to 10 
that this also is not true. A closer approach 






202 



to the actual form of the trace on this plane 
can be derived from consideration of the be- 
haviour of a mass of equal elastic spheres, 
in the loosest state, subjected to hydrostatic 
pressure. 

Consider first a column of equal spheres 
subjected to compression, fig. 11. A« & L. 
Foppl 10) give the elastic deformation of each 
sphere as: . 

ax = — = /— i (4) 

max ^ V r ^ ^ 

r V r 

where £« is the modulus of elasticity of the 
material of the spheres. 


Hence the strain, 






ar 




(5) 


If the diameter of each sphere is 1 /n of 
the unit of length, fig. 12 and <r be the 
stress per unit of gross area, we find the P, 
the load on each column of spheres, is given 
by ^ 

?=— =<r(ar)‘ ^ 6 ^ 

since n • 1/2 r. 

Therefore, 


g3o6is 




r4 


=0.615 


16 <r^ 


o 


The longitudinal compressive strain will 


be reduced by the effect of the lateral atzesa-' 
es« This reduction will be a cozistant fraction 
of£ , We can, therefore put 

gsc <rV3 (B) 

where O 2 ^ constant. 



The trace of the E,h , t surface on the 
B, H plane has, therefore, been represented 
on the diagrams by a cubic parabola. 

Bach line on figures 3 to 6 is, of course, 
a section of one of figures 7 to 10 by a plane 
parallel to the^j^r plane. The remarkable 
thing about these sections is that they appear 
to be, at least very nearly, straight lines. 
From this fact it appears that mi^t 

be represented by an empirical formula similar 

(10) 

where the index n is not much different from 
unity: if it were equal to 1.3i eqn. 10 could 
be solved for Etan* such a formula does 
not seem woi'th elaboration st this stage wl^n 
the infuence of the i termed! ate principal 
Btressshas not been investigated. 
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SUBIMARY , 

The paper outlines previous differences of opinion concerning the use of unconflned 
compressive strength tests to determine the effective shearing strength of varved clays* 

An investigation is described which was performed in 19^ relative to two building sites 
located on the same deep deposit of glacial varved clay* Photography was used extensively to 
check and to record the condition of each sample and to select samples for testing# Most of 
the specimens extracted by thin walled samplers were found to be in good condition, but most 
of those extracted by means of samplers with inner lining tubes serving as containers were 
fo\md to have, undergone distortion# 

The shearing strength was determined by controlled stress unconfined compressive strength 
tests# Photographs showed that most of the specimens extracted by thin-walled samplers had de- 
finite shear failure planes after testing which intersected the planes of stratification# 

The strength of these specimens was in good agreement with the value computed from an earlier 
failure of a vertical cut in an excavation. 

The average strength of specimens extracted by samplers with inner lining tubes reached 
only 55% of the average value of specimens extracted by thin-walled Shelby tube samplers# This 
finding explains some previous puzzling discrepancies between theoretical considerations, labo- 
ratory soil test results and full-scale field observations. 

A definition of the term "Sensitivity Ratio" is proposed which is based on the ratio of 
the strengths of the undisturbed and the remoulded samples at equal strains, rather than their 
ultimate strains at failure# 


The concept advanced by Dr, Terzaghi ac- 
cording to which the effective shearing strength 
of plastic clays is agpproximately equal to one 
half of their unconfined compressive strength 
has now been generally accepted. Some doubts 
have however existed concerning varved clays. 

An analysis of an actual slide in plastic 
glacial varved clay reported by the senior 
author on p* 1077 of Ref. No, 5 showed that a 
cohesion value taken as one half of the uncon- 
fined compressive strength of the clay could 
account for only 50 % of the shearing strength 
required to ensure the stability of the bank 
prior to failure. It therefore appeared likely 
that some friction was also present. On p, 109^ 
of Ref, No. 4 Dr. Terzaghi expressed in reply 
the opinion that unconfined compressive stroigth 
tests may perhaps be unsuitable for investigat- 
ing varved clays. 

Clarification of this question is of con- 
siderable practical importance. Most clays are 
stratified to some extent, Varved clays repre- 
sent a condition of extreme development of 
stratification. If their shearing strength, as 
actually effective in a large mass of soil, 
cannot be determined in the laboratory by means 
of unconfined compressive strength tests, then 
it would become necessary to develop some other 
practical method of making such determinations 
It would be necessary to establish criteria 
concerning the extent of stratification in 
other clays which would still permit the ef- 
fective use of the unconfined compressive 
strength tests. 

Some light has been thrown on this whole 
matter as a result of twe investigations which 
were performed in 1946 on different building 
sites located oh the same deep deposit of gla- 


cial varved clay. These two sites will be re- 
ferred to as "Site No, 1" and as "Site No, 2" 
in this paper. 

The samples from both sites were tested 
in the Princeton Soil Mechanics Laboratory, 
Photography was extensively used, after part- 
ial drying, along the lines developed by Dr, 
Hvorslev»s pioneer wo3^ in that field (Ref, 

No, 3), to check and to record the condition 
of each sample tested. Controlled stress un- 
confined compressive strength tests were per- 
formed twice on all suitable samples. They 
were tested first in their undisturbed condi- 
tion, after which they were completely remold- 
ed at the same water content and tested again. 
This was necessary to determine the degree of 
sensitivity of the clay to remolding. 

It should be noted in this connection 
that tests performed earlier by the senior 
author in Egypt had shown that in one partic- 
ular deposit some clay specimens could be un- 
favorably affected by remolding, whereas spe- 
cimens from other layers of a similar type 
could even be strengthened by remolding (com- 
pare Fig. 14 and 15; Ref. No, 2), 

Dr, Terzaghi has proposed (Ref. No, 6) 
to define the degree of sensitivity of a clay 
to remolding by means of the sensitivity refcio 
"S", defined as; 


where; S « sensitivity ratio based on ulti- 
mate stren^hs. 

q ■ unconfined compressive strength at 
^ failure of the undisturbed sample, 
a « unconfined compressive strength at 
failure of the remolded sample. 
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Most naturally dapoaitad. undisturbed 
clays exhibit brittle t^es of failure at re- 
latevely s»all strains ( mAh/ht where "h" is 
the h»X^t of the saiDle) rahgtng from 4% to 
8% (Bef. No* 1). Beaoldlng usually increases 
the strain at failure of sMMltive clays up 
to the ultiaate walue of 20^ ehich character- 
ises fully plastic failure. In nany cases it 
^ be advisable to base the definition of the 
sensitivity of clays on the ratio. S', of 
strengths of tha undisturbed and the reaoldsd 
saB5>lee at equal strains* 

^ur 

where: S* > sensitivity ratio based on straoglhs 
at equal strains; 

q’ a unconfined cospresslve strength of 
the reaolded sample at the strain 
corresponding to the failure of 
the undisturbed ssumle. 

The direct use of foraula (2) la predi- 
cated on the construction of stress-strain dlen 
grams of the type Illustrated by Fig. 6, and 
Is aoze time consuming as coiapared to the use 
of formula (1). However, the approximate value 
of S' can be estimated iron fomida (1) and 
the following data: 

If strain corresponding to q^ equals 5%; S* 

may vary from 2,50 S to 5*00 fi 

If strain corresponding to q^ equals lOJI; S' 

may vary from 1.50 S to 2.0^S 

If strain corresponding to equals 1%\ S' 

may vary from 1.05 S to 1.50 3 

If strain corresponding to q^ equals 20^; S'«S 

Fig. 8 and formulas (1) and (2) refer to 
controlled stress tests . In the case of con- 
trolled strain tests , should refer to the 

A-feregfl reacbed am not to the stress at 
final failure, "q'nj." should then refer to a 
corresponding value. 

samples from site No. 2 were extract- 
ed from 6 in. diameter bore holes which were 
lined with steel pipe. The 5-5/8 in, diameter 
samplers, 18 in. long were made of steel Shel- 
by tubing X/18 in, thick with slightly curved 
in cutting edges. Most of the samples thus ex- 
tracted were in perfect condition, (Fig. 1 and 
Fig. 2). A few showed visible signs of slight 
distuibances and consequently were not used. 

The general characteristics of this clay 
are as follows* Because of its stratified na- 
ture there is much variation from vaxve to 
varve. Within one inch depth the natural water 
content frequently changes by some 20% and In 
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one case was found to have changed from 20% to 
60%. The natural water content, Wj., usually is 
very close to the liquid limit value, wt^ ,and 
sometimes even exceeds it. At the same time 
the clay has a hi^ uxiconflned compressive 
strength which va^ed from 0.50 to 2.40 tons/ 
eq. ft. with an average value of 1.05 tons/sq. 
ft. and a corresponding average value of 9.5% 
strain at failure. The clay la very sensitive 
to remolding. The comparable average values or 
all sables tested in a remolded condition are 
0. 18 tons/sq. ft. , and 20% strain. The aver- 
age value of the Sensitivity Batlo, S', as de- 
fined by formula (2) is 12.0 and the highest 
value recorded is 48.6. 

The grain-si se analysis indicated a very 
high clay content, even in the so-called 
''silt** verves. An attempt was made to separate 
various layers. A coarser grained layer was 
found to consist of 70% of clay sited particles - 
(smaller than 5 microns) - and had a liquid 
limit of 29% and a plasticity index of a 
finer grained layer had 85% particles of clay 
site, a liquid limit of 51% end a plasticity 
index cf ZtA* The low values of the plasticity 
Indexes of all samples, combined with a cor- 
respondiz^g percentage of clay site par — 
tides, indicate the probability that tney are 
of "rock flouJ^" type. This is likely, conaideiv 
ing their glacial origin, and may be a possible 
cause of the sensitivity of this clay to re- 
molding. Other possible causes of such sensitiv- 
ity are the subject of a cooperative study at 
Princeton, (Bef. No. 8). 

The majority of undisturbed samples from 
site No* 2 which were subjected to unconfined 
coflq>re88ive strength teste showed definite 
planes of shear failure which Intersected the 
planes of stratification, (Fig. 5 «id Fig. 4). 
Sven irtien the planes of stratification had a 
nature Inclination the plane of failure Inter- 
sected some varves (Fig. 5 )» Only a very few 
samples failed by crushing and lateral squees- 
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lag out of a single TSTvSy (Pig* 6}. It should 
he noted that this latter essentially plastic 
t^e of failure occurred suddenly at a strain 
of only 4,7% which is usually taken as an in- 
dication of brittle failure. 

The fact that the types of failures in 
aost Tarred clay sauries from site No. 2 did 
not differ from the ones usually encountered 
elsewhere in non-st ratified cohsslre soil spe- 
cimens is in itself an Indication that the un- 
c<mfined compresslre strength test should he 
e<pially suit able for use on both stratified 
and non-stratified clays* Purther eonfixmatlcn, 
hoverer, has been obtained by an analysis of 
the failure of an excavation cut which occur- 
iwd in the immediate vicinity of Site No* 2 
ci^teen years ago; a photograph of which, 
taken immediately after tdie failure^ is shown 
^7 Pig. 9. The 22.0 ft* vertical cut on the 
left hand side of the picture remained stable* 



FIG.6 


The 51.5 ^t* vertical cut on the right hand 
side collapsed while the timber cross-bracing 
was being installed* 

Dr* Terxaghi (Ref* No* 7, p* 154) shows 
that the theoretical maximum height, H*q, of 
a bank wlch has been weakened by tension 
cracks at the surface iss 

H',. - 2.67 |-j f=) 

Where $ c « unit cohesion of the soil 
Xm unit wei^t of the soil* 

Por a clay with a sero value of friction 
the cohesion is determined from: 

C • %i/2 » ^4) 






ly after the depth H'^, is exceeded during ex- 
cavation hut only at some greater depth and 
that they develop gradually. 

Thus the investigation as carried out at 
Site No. 2 brings out the suitability of the 
unconfined compressive strength test for the 
testing of varved clays. Further information 
about Site No, 2 can be obtained from Refers 
ence No. 9. 

The results of an investigation performed 
on another nearby site (No. 1) on the same de- 
posit appear to provide an explanation for the 
case which led to the incorrect adverse opinion 
concerning the use of unconfined compressive 
strength tests on varved clays as expressed on 
p. 1094, Ref. No. 4 and on p. 1077 Ref. No. % 
The sampler type used on the Site No, 1 was 
Identical to the one employed for the extrac- 
tion of samples at the site of the slide re- 
ferred to in Ref, No, 5. Ib was 18 in. long, 
its inner diameter was 3.0 in,, and it had a 
total wall thickness at its lower end of 3/16 
in. or a five times greater wall thickness 
than the sampler used on Site No. 2. Most of 
the samples extracted on Site No. 1 were 
found to have undergone some distortion, (Fig, 
7 ), and to have failed at high strains; the 
average value was 17»6%« The average value of 
the unconfloed compressive strength corres- 
pondingly dropped to 0,65 T/sq, ft. or to 6X% 
of the 1.05 T/aq. ft. average of all samples 
from Site No. 2 and to 55^ of the 1.16 t/sq, 
ft. average of the specially selected samples 
from the same site; the value of S* dropped 
to 4,9 (average). 

The low laboratory shearing strength 
value reported on p. 1077 of Ref. No. 5 as 
being equal to only 50% of the stren^h re- 
quired to ensure stability of the bank during 
the years preceding its failure was therefore 
probably not due to any inherent defect of 


«n th.1- flG.9 

SO that, 

H’c - 1-5^ — » (s) 

Similarly, it follows from earlier stud- 
ies by Fellenius (Ref, No. 7, p. 155 ) that the 
maximum height, Hp, of a bank which had not 
been weakened tension cracks at the surface 

Hg - 3.85 j- - 1.93 

Laboratory test on samples from the near* 
by site No, 2 gave average values of q^ • 1,05 
T/sq, ft, and ^ « 120 Ibs./cu. ft. « 0.06 T/cu, 
ft. These values inserted into formulas (5) 
and ( 6 ) give H»c * 23.5 ft. and He « 35,8 ft. 
This is in quite good agreement with the situ- 
ation illustrated by Fig. 9 where a 22.0 ft, 
cut stood up and a 31*5 ft. cut collapsed. It 
is possible that the value of q^ « I .05 T/sq^ 
ft. is too low by some 10 % since this average 
included several undisturbed samples with 
strains at failure exceeding 15 %, which in 
this clay may be taken as a si^ of some re- 
molding. If we discard these samples, then the 
average value of “q^j" is raised to 1.16 ton/ 
sq. ft. with a corresponding theoretical value 
of > 26.0 ft. which is equal to 63 % of the 
depth at which failure had actually occurred. 
The agreement is quite good since It is prob- 
able that tension cracks do not form immediate- 
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unconfified coapressive strength tests when 
applied to varved clays, but to the disturb- 
ance produced by the of saa^ler employed* 

cpycLusioys . 

1) UUconfined compressive strength tests are 
suitable for the determination of the shear- 
ing strength of varved clays and of other 
stratified cohesive soils* 

2) In order to obtain reasonably correct 
strength values from really tiudisturbed 

specimens only modem types of thin-walled 
("Shelby Tubing") samplers should be employed, 
especially on clays which are sensitive to 
remolding. 

5) The comparison of the sensitivity of dif- 
ferent clays to remolding should prefer- 
ably be based on a ration of the strengths of 
the undisturbed and of the remolded samples 
at equal strains, instead of on the ratios of 
their respective ultimate strengths at fail- 
ure, 
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A LARGE SHEAR BOX FOR TESTING SANDS AND GRAVEI8 
ALAN W* BISHOP, Ifi.A., A*M*I.C*E. 

Lecturer in Civil Engineering, Imperial College, University of London. 


INTRODUCTION . 

The design of new reservoirs in the Ihfimes 
Valley by the Metropolitan "Vater Board neces- 
sitated the examination of the stability of a 
number of piroposed earth dams on sites over- 
lain by a stratum of gravel. In addition the 
dams were to be constructed of rolled gravel 
fill. 

As no satisfactory teat results for gravel 
were available, or could be obtained with ex- 
isting testing machines, a constant rate of 
strain shear box 1 foot square taking samples 
6 inches in thickness was designed by the 
author and constructed by the Metropolitan 
Water Board. , . 

Tests are at present being carried out 
with this appeupatus in the Soils Laboratory at 
Imperial College, with two main purposes in 
view. 

a) For immediate design purposes , to detemlne: 

TT"^lie shear strength or in “siW gi^vel by 
the correlation of field density measurements 
with laboratory teats over a range of densit- 
ies. 


2) the shear strength of samples of gravel 
under various degrees of compaction for the 
design of the rolled fill, 
b) For a general resesirch programme: 

TT to examine the effects of fading and 
grain shape on the relation between shear 
strength and porosity, and extend knowlegde in 
this field into the range of materials contain- 
ing particles up to 1-^ inches effective diame- 
ter. 

2) by comparative tests in the large and 
small (6 cm. square) shear boxes to examine 
scale effects in testing, 

II. DESCRIPTION OF THE MACHINE . 

The shear box (fig. I nnd plates I & II) 
is constructed of standard channel sections 
electrically welded and machined on the con- 
tact faces. The lower half of the box is car- 
ried in a steel tank ^ich slides foirward on 
two ball bearing tracks under the action of the 
loading jack. Phis provides the shearing force. 
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Foot Square Shear Box* 

PHOT. 1 



Shear Box Details. 

PHOT. 2 


The reaction la carried by teo tension bars to 
the cross-head irtiere it is aeasured bj the de- 
flection of the proving ring* 

The normal load is applied by a simple 
lever system^ and has a woricing range mo to 3 
tons per square foot* The loading jach Is oper- 
ated by a { H*P« electric motor, isolated by 
rubber couplings and mountings to eliminate 
vibration* The rate of horisontal displacement 
is 2 inches per hour, the usual range during a 
test being 1 inch* The displacement is measur- 
ed by a revolution counter on the jack* k cor- 
rection can be made for the deflection of the 
proving ring, but this is only 72 x 10 inohea 
ner ton, and this does not mtie an appreciable 
difference to the shape of the load-uflecion 
curves* 


III* TBSTIBG PROCEPimB * 

Testing techniques have been developed to 
enable the preparation of a homogeneous saaq^Ie 
and to ensure accurate measurement of its 
eei^t and volume* High porosities are obtain- 
ed by rapid pouring, and lov porosities by 
tamping In a number of layers by hand, though 
in the case of sands lov poroaities are slao 
obtained by slow pouring (EOlbussevski 1946) • 
Sufficient tests have not yet been done to 
determine idiether the angle of internal fric- 
tion (at a given normal stress) depends only 
on the porosity or shether the method of pack- 
ing affects it* The tests up to date indicate 
that the magnitude of any 8U<^ effect is prob- 
ably small . 

IV. TYPICAL RESOLTS * 

Typical results are given in figs. 5-9 
for 5 sands and gravels whose grading curves 
are shown in fig* 2. They ares 

1) Heathrow gravel - a well graded Thames Val- 



Sleve analysis. 

1* Heathrow 2* Valton 

5* Brasted 4. Ham River 

3* Cheall Bank 

HG.2 

ley gravel- (For this aeries of tests, part- 
icles greater than 1” were removed)* 

2) Walton gravel - a sandy gravel from the 
Thames Valley, possibly a mixture of Ihln 

adjacent lenses of sand coarse gravel* 

3) Brasted sand - a well graded sand of the 
Folkestone beds* 

4) Ham River sand - a uniform sieved fraction 
from the Thames Valley gravels* 

3) Chesil Bank pebbles - a uniform coarse beach 
gravel, consisting of rounded particles 
about 1** in diameter* 

V. DI3C03SI0H OF RRSOLTS * 

a) For the purposes of present design work the 
results shown in fig*, 7 indicate that an^ea 
of friction of up to ^ nay be obtained, even 
in not very well graded gravels at moderate 
porosities* The Insltu porosity in this gravel 
from Walton could not be repeated in the labor- 
atory by tamping the dry material* 

Fig* 9 includes a similar curve for the 
well graded Heathrow gpravel lAlch gave angles 
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Shear teats on graded aand, toasted. ^ 
Test no. 45. loose, n ■ 44.4% 0 - 32.5- 
Test no. 44. de^se. n ■ 33«3% 0 ■ 42.1 
2 tons / sq.ft. 

FIG.3 
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Shear teste on uniform gravel. Chesil Buk. 
Test no. 96. loose, n - 42.0% 0 ■ 35*5 q 
T est no. 97* dense, n ■ 35*0% 0 ■ 46.5 
O'- 0.5 tons / sq.ft. 

FIG .5 



Relationship between shear strength and nomal 
stress. Heathrow gravel. 


FIG.6 


FIG.4 
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Yaristlon of angle of internal friction with 
porosity. Walton Krayel. 2 tons / sq.ft. 

FIG.7 



C(»pariB(»i of testing machines. 

0..0. 6 cm. square, constant rate of strain. 
l«.l. 1 ft. square, constant rate of strain. 
2. .2. 6 CB. square, dead load. 

Haa River sand. 

2 tooB / sq.ft . 


FIG.8 



Relationship of angle of Internal friction to 
porosity for various gradings. 

FIG.9 

of friction of about at porosities a little 
greater than those measured in the formation in 
which the material was being rolled. 

Fig .4 shows typical test results for this 
material, and Fig. 6 gives the relationship 
between shear strength and normal stress for 
two different porosities. It is noteworthy that 
the high angle of internal friction x) does not 
decrease much within the range of stresses met 
with in earth dam design in this country, 
b) 1. Is pilot tests for a more detailed in* 
vest igat ion the results given in Fig. 9 in* 
dicate l^at Iq the relation of angle of frio* 
tion to porosity, graded and uniform materials 
separate out into two definite groups, between 
which a transition zone will presumably lie. 

It is very strilElng that the tests on the 
Chesit Bank pebbles za) give results very alml* 
lar to those of the Ham River sand, which 
thou^ about ^/60 in linear dimensions, has s 
similar grading curve. Tests results in Fig. 3 
indicate that the shearing action (with the • 
pebbles) is becoming jerky and that they prob* 
ably represent an upper limit to the else of 
uniform material that can be tested accurately 
In this machine* In a graded material, however, 
the larger particles do not seem to control the 
behaviour, and it will be seen from Fig* 4 that 
the shearing action is remarkable smooth, and 
the eiqpanaion of the sample (dv) is smaller* 

2. A conqparlson is also made in Fig. 8 with 
results obtained on the small (6 cm. square) 
boxes using both constant rate of stain (Golder 
1942) and dead loading* The methods of com* 
paction in this set of results are similar in 
the 3 cases. 

It is seen from the figure that the results 
of ^e smaller box scatter on both aides of the 
average line for the larM machine, althou^ 
they tend to give a ali^tly lower value of 0. 


X ) defining ^as - ten S- at failure, 
xa) these were tested at 0.5 ton/ sq.ft, init* 
ially to avoid damage owing to the few eon^ 
tact points, but this will not materially 
affect the comparison. 
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tberv is, lioweTer, a much bi^sger dlffareuea be* 
tween the two methods of teatlng In the aeme 
else box* This is also borne out by a few teata 
carried out at a wary rapid conatant rate of 
Btrain^ lAich alao glTea lower yaluea of p • 
Thia indicatea that the walue of 0 obtained 
doea not depend to any great extent on tiie size 
of the machine (over a limiting size), but that 
discrepancies between measured values of 0 and 
the results of field or model loading tests 
etc*t may lie in the different types of failure 
induced* 

The stress diatribution within the sample 
and along tiie failure plane is not discussed in 
thia paper, but preliminary examinations of the 
type of failure plane by Kotter's equation in- 
dicate that the deviation from the average of 
the normal stress on the failure plane is not 
serious. 

71. COKCLUSIOyS . 

A full range of cohesionless soils, rang- 
ing from sands to gravels and sandy gravels, 
has been tested in a shear box taking samples 
1 foot square and 6 inches thick* 7or sands 
it has been found that the results obtained 
in the standard 6 cm* shear boxes are in good 
agreement with those obtained In this large 
box* It should be noted however that in the 
standard boxes the results appear to depend to 
some extend on the manner of applying the 
shear force. 

It was found that materials with a uni- 


form grain size, whether a medium sand or peb- 
bles about 1 inch in diameter, gave similar 
results when plotted in the form of 0 against 
porosity lAich were quite distinct from the 
relationships found for the graded materials* 
The graded sands and sandy gravels lay 
more or less in the same general zone, but the 
lower porosities of the well graded sandy 
gravels resulted in hi^er angle of friction 
than the graded sand. The sandy gravels were 
found to have angles of friction as hi^ as 
at a dense packing* 
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THE SHEARING KBSISTANCE OF SOILS AS DETERMIHED 
wr nTffTCHT spiAff TESTS AT A CONSTAITP RATE 6F SaSAIH 

J. MAC-REIL TUEKBULL, Assistant Hesearch Officer 
State Rivers and Water Supply Conniesion, Victoria, Australia. 


a) Three samples of soil, expected at or near the optlmuzn density, have been tested in direct 
shear In accordance with the latest developments of the procedures described elsewhere 1). 

Tests were made at three rates of strain; namely, 0*22, 0*055f 0*007 inch per hour 

b) Specimens were tested under normal stresses between 570 and 27*000 lb. per sq. ft., and af- 
ter the determination of the maximum shearing resistance the cohesion, if any, was obtained 

by a new method 1). ^ ^ ^ a. ... i 

c) The results were checked by tests wherein specimens were preconsolidatec at a particular 
normail stress before testing at reduced normal stresses, also for conformity with certain 

geometrical requirements* ^ ^ ^ ^ o 

d) The same soils were also tested by means of the triaxial compression test in the Research 
Laboratory of the Melbourne Metropolitan Board of Works in accordance with procedures 

described by B* F* Glynn 2), 


1* The particle size distribution curves of 
the three soils are shown in Figure l,8nd 
the classifications Atterberg Limits, and 
compaction data are given in Table I. 

2* The results of direct shear tests at vari- 
ous rates of strain are shown in Figures 2, 
3, and 4} and the test curves, including the 
determination of the cohesion, are shown in 
Figures 5i & 7* ^*ta for tests on sample 

Mo* 2 are given in Table II* In order to 
check the values obtained by this new method 
for obtaining the cohesion of each specimen 


under a particular normal stress, several 
tests were made after preconsolidation and 
unloading to a lower normal stress. 

It will be seen that bhe results by the two 
methods of testing are in close agreement in 
Figures 2(a) and 4Ca). In Figure 3(a) agree- 
ment is also obtained when the particle dis- 
placement correction is made, and Indicates 
one advantage of the additional information 
obtained by the new method. The curves of 
Figures 3(a) and 6Ca) show the effect of a 
partial breakdown of the soil particles during 
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TABLE I 


PHYSICAL CHARACTHtlSTICS OP THE SOILS TESTED 


Saaple 

No. 

ClaBSiflcation 

Soil 

Sp. 

Gr. 

L.L. 

P.I. 

S.L, 

Optimum 

Moisture 

Optimum 

Density^ 

Shear Test Specimens 
Compacted At 




Content^ 

Moisture 

Density 







Per Cent. 

Ibt/cajitm 

Per Cent. 

lb./ cu.ft. 

1 

0.184ffl]ii./2.781 

2.75 

44 

23 

17 

18.9 

105.1 

20.2 

104.2 

2 

0.75€iiiim./3.787 

2.71 

18 

1 

15 

11.2 , 

123.7 

12.0 

122.4 

5 

0.36a.iii./3.339 

2.72 

28 

6 i 

19 ^ 

- 

- 

16.6 

107.3 


1 Compacted under 40 blows per layer. 


TABLE II 

DATA FROM TESTS ON SAMHE NO. 2 IN FIGURE 6. 


Fig. 

Test 

Applied 

Load and Strain after 


Max. 


Normal 

Stress 



Figure 9* 



Shearing 

Cohesion 

No. 

No. 

Consolid- 

ation 

Test 



®i 



I 2 

Resistance 

Corrected 



lb. /sq.ft. 

Ib./sq.f-l 

. lb. 

in. 

lb. 

in* 


in. 

Lb . / sq. ft . 

lb. /sq.ft. 

6(a) 

1 

1,500 

1,500 

175 

0.106 

70 

0.349 

83 

0.814 

1,270 

0 


2 

2,500 

2,500 

239 

0.092 

72 

0.198 

81 

0.800 

1,950 

25 


3 

4,500 

^,500 

376 

0.098 

83 

0.250 

99 

0.702 

3,410 

10 


4 

10,000 

10,000 

773 

0.157 

156 

O. 3 O 8 

244 

1.110 

7,160 

215 


5 

12,000 

12,000 

875 

0.128 

139 

0.255 

228 

1.103 

8,520 

250 


6 

18,500 

18,500 

1,165 

0.236 

37 

0.515 

86 

0.891 

12,920 

290 


7 

27,000 

27,000! 

1,75^ 

0.197 

116 

0.320 

- 

- 

18,840 

- 

6(b) 

B 

18,500 

3,000 

257 

0.104 

66 

0.316 

- 

- 

2.250 

- 


9 

18,500 

^,500 

413 

0.101 

107 

0.254 

- 

- 

3,570 

- 


10 

18,500 

6,000 

486 

0.115 

114 

0.325 

- 

- 

4.360 

- 


11 

18,500 

9,000 

703 

0.125 

161 

0.442 

- 

- 

6.430 

- 

6(b) 

12 

4,500 

4,500 

33^ 

0.134 

52 

0.327 

- 

- 

3,270 

N.D. 


13 

18,500 

18,500 

1,105 

0.205 

0 

- 

- 

- 

12,670 

N.D. 
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FIG.1 


the test. 

5, The values of the cohesion coad angle of in- 
ternal friction for three applied normal 
stressed are given in Table III. 

4, The results of the tri axial compression 
tests as reported by D.F. Glynn are given 

in Table IV. 

The effects of particle displacement appear 
to have affected the results for sample No. 2 
(see Figure 1 and Table IJ. 

5, The lower limit for the normal stresses on 
the unloading curve. Figure 8, should be 

restricted to not less than one-fourth or one- 
fifth of the maximum normal stress for which 
the cohesion and angle of internal friction 
are re( 5 [uired. The time interval between un- 
loading and testing should be short, 50 min- 
utes being used in the present tests. For the 
tests at 0.007 ia. per hr., the rate of strain 
was increased to O.OA-5 in. per hr. after the 
first portion of the cohesion curve was ob- 
tained. In the slow consolidation tests the 
period between increments of applied normal 
stress was 46 hours. 

6, Five geometrical requirements which enable 
a check to be made on the curves are shown 

in Figure 8 for a soil whose shearing resist- 
ance is required under an applied normal stress 
OS* : namely, 

a) The maximum shearing resistance, after cor- 
rection for any particle displacement, as 

obtained from tests of specimens consolidated 
and tested at each of several normal stresses 
at a rate of strain of 0.22 in. per hr. should 
lie on one stral^t line i ^he ex- 

trapolation of which will intersect the hori- 
zontal axis at a point 0". 

b) The values of the cohesion for each of the 
above tests should also lie on a straight 

line BJ , the extrapolation of which 


should intersect the horizontal axis at the 
same point 0'\ 

cj The results for specimens preconsolidated 
to normal stress OS and tested at reduced 
normal stresses should fall on a straight line 
A” iS“, where cohesion = 0" . 

(These tests are only used for confirmation pur- 
poses. ; 

d) For other rates of strain, such as 0.007 in. 

per hr., other curves such as 0 ^ , 

Ai 0*, and, if it could be determined, 

^1 ^1 ^1 * cohesion » O' . 

e) The point on the ordinate through the 
origin of applied normal stress is a fixed 

point for any one sample at the particular 
normal stress considered. 

For sample No* 1 at OSi * 18,500 lb. per sq.ft. , 
OEJ - 2,800 lb. per sq.ft, 

f) Plotting the capillary stress against the 
rate of strain, both to arithmetic scales, 

gives a straight line and provides a means of 
estimating the effect on the shearing resist- 
ance of tests at infinite time. For many co- 
hesive soils the effect of a induction below 
0.007 in.per hr. is very slight. It will be 
noted that the capillary stress is a real 
stress, as indicated by S,a” being greater 
than . 


7. When the effects of particle displacement 
are present the cohesion is determined from 
the second drop in the cohesion curve as shown 
in Figure 9f and 

^ _ -Area at la . _ Area at U 

Cohesloa . .2 * Area at " »1 * Area at 



TABES III 

HESUMS OF DIEKCT SHEAR TESTS 


Strain Horaial 
Stress 


8(^« it* I 8(^« 


10,000 

4,500 


0.007 18,500 

10,000 


0.22 18,500 
10,000 
4,500 


0.22 18,500 
10,000 
4,500 


0.055 18.500 

10,000 


Total 

Normal 
Stress 
lb. TOr 
sq. ft. 

Cohesion 

lb. per 
sq. ft. 

22,000 

1,800 

13,500 

1,100 

8,000 

650 

20,000 

2,300 

11,500 

1,300 

6,000 

700 

19,400 

2,500 

10,900 

1,400 

5,400 

700 

18,730 

290 

10,230 

160 

4,750 

75 

2 in. per hi 

r. 

19,300 

1,100 

10,800 

620 

5,300 

300 

18,900 

1,330 

10,400 

730 

4,900 

340 


18° 10' 


18° 10' 


19 ° 25 ’ 
19 ° 25 ' 
19 ° 25 ’ 


ytP 00 ' 
34° 00' 
34° 00' 


TABLE lY 

RESULTS OP TRIAXIAL COMPRESSION TESTS 


Sample Cohesion 

No. lb. per sq. ft. 


29° 40' 
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RATE or STRAIN : 0*22 INCH PER HOUR 
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LEGEND 

SPECIMENS CONSOLIDATED S 
TESTED AT NORMAL STRESSES 

AS SHOWN *■ 

do. CORRECnO FOR RUmOE DtSPUtfZMENT. • 
SPECIMENS PRCCONSOLIDAIEO 
BEFORE TESTING AT A LOWER 
NORMAL STRESS ■ 

COHESION (r ant} moil FIGS. SJ 17. .. o 

F>ART1CLE DISrtJICCMCNT(irANy) 

FROM FIC5. 5.6 1 7. ♦ 

SIZE OF SPECII^N: 4'>IH.DIA.X 
I- IN. THICR. 

NO TtbT MADE W. 


RATE OF STRAIN : 0 007 INCH PER HOUR 


SAMPLE N» I 


NORMAL STRESS-POUNDS PER SQUARE FOOT 

Shear Tests. 
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Horizontal strain-inches. 


Cohesion Tests on Semple no. 1. 

FIG.5 
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b. Horizontal strain-inches. 
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Cohesion Tests on Semple no. 5* 

FIG.7 


0-0 0-6 I'O 1*2 <.4 (-6 

b. Horizontal strain-inches. 


The maximum shearing resistance is reduced by 
the particle displacement correction expres- 
sed by the last term in the above equation, 
which vanishes when there is no particle dis- 
placement as in the curves of figure 5« 
maximum shearing resistance and the cohesion 
are reported in lb. per sq. ft. on the as- 
sumption that the load is carried by the ini- 
tial cross-sectional area of the specimen. The 
applied normal stress remains constant throu^- 
out the test. 

8. Appreciation is e^qpressed to Lewis fi. ii)ast. 
Chairman, State Rivers and Water Supply 
Commission, for permission to publish this 
paper; and W.J. Corrigan who made all the 
tests; also D.?. Glynn for peimisston to auote 
the results of his tests. 

SUMMAT^y . 

a* Direct shear tests were made on samples of 
soil under several normal stresses at 
various rates of strain. 

b. The cohesion was determined for each par- 
ticular normal stress by a new method. 

c. The accuracy of thess determinations of 
the cohesion was checked by a series of 

tests in which specimens were preconsolidated 


at the normal stress for which the information 
was desired, and the maximum shearing resist- 
ance was determined at reduced normal stres- 
ses. 

d« The results of tests on a homogeneous 
sample of soil must comply with certain 
geometrical requirements. 

a. Comparison of these results with those ob- 
tained on the same soils by means of tri- 
axial compression tests shows that the latter 
make no allowance for the effects of particle 
displacement or capillary stress. 
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D«p«rtBezit of Sciontiflc and Indua'toial Baaearch 
Building Eeaeareh Station* 

SDMMARY * 

1) The electro-oBBOBis flow can he represented by an eg;uatlon sinllar to Dare's law, the co- 
efficient of pemeablllty being dependent aalnly on the porosity and the t —potential* 

2) From the results of laboratory Investigations it may be concluded that the ^quantity of flow 
does not vary considerably in view of the great differences in the soil materials tested and 

that for practical purposes in civil engineering it may be assumed to be of the magnitude of 
kA = 5 X 10-5 cm* /sec* /VO It/ cm. 

3 ? fhe osmotic flow does not seem to take place tbrou^ the individual pores of clay-size or 
less, but through fissures, idilch develop throughout the soil between the electrodes, even 
xmder a small potential »adient. This movement leads to the development of a hydraulic pressure 
mhich is the same for soils containing more than a certain proportion of colloidal particles 

4) Thou^ the osmotic penteability is very much higher than the hydraulic permeability for many 
soila, it is not sufficient to make the consolidation of soils within a brief period a com- 
mercial ]^opo 8 ltlon* Nevertheless, the fact that by these means it is possible to divert the 
flow of pore ii/ater away from unstable 8 lox>e 8 and cuttings makes its use in this manner a valu- 
able end hi^ly econoadcal method for earthworks and foundation engineering* 

5) Mention is made of the fact that the osmotic flow of water causes a laminated structure to 
develop in clayey soils and colloidal materials, apart from the random fissures* These lami* 

nations resemble strikingly some natural deposite of laminated clays* 


II* INTRODPCTIOH . 

Although the application of the pzinclpe 
of electro-osmlsis to assist in the drainage 
of soils has been used for a number of years D 
it was realised that a more detailed knowledge 
of the process was required In order to assess 
its full possibilities* With this end in view 
the author undertook a laboratory investiga- 
tion of electro-osmosis in soils and the main 
results of his work are sumaarlsed In the pa- 
per* 

This work has not led the author to changa 
his earlier opinion that the field of practical 
application of this method is likely to be lim- 
ited on account of economic factors* In conta^asfc 
other workers in the subject 2) have Indicated 
the posBibility of a much wider field of appli- 
cation including the drying out and consolida- 
tion of soils* The author considers that for 
economic use the rate of removal of water is 
too small to permit the consolidation of large 
soil masses within the short period which Is 
usually available in building practice* How- 
ever, the original use of the method for over- 
coming difficulties in excavations in water- 
logged ground is both practicable and economio- 
al* 

The scope of this paper is rather limited, 
but it may be mentioned that a more comprehen- 
sive publication on this subject is beli^ pre- 
pared at the Building Besearch Station* 


III* THEOKY * 

The quantity of liquid moved la unit 
time under a potential difference **£** can be 
derived from the modified Helmholtz equation 

3) (Fig. l)t- ^ 

(0 

^ Arj I 


ibieh Is sinllar in fora to PolseuUle's lav 
for the flow through a slnglo capillary. If 
applied to a hundla of capillarlea of a cross 





Solid Phase 

Fixed part of double layer 
Moving port of double layer 


FfM water 


Electro - osmotic flow in capillaries 


HG.1 

sectional area the corresponding flowj un- 
like the hydraulic flow, is independent of the 
individual pore sizes* The equation for the 
electro-osmotic flow In soils, therefore, may 
be built up similar to Darcy's equation 

Q ss i^xA (2) 

with a coefficient of "osmotic** permeability 
•*kA*’ which is mainly dependent on the porosity 
ana the 5 -potential and Independent of pore 
size* 


IV* DBSCRIPTIQW QF LABORATORY TkfiTft , 

The apparatus used for general investiga- 
tions of parallel flow is shown diagrammatic— 
ally in Pig* 2* It had no cover; it was fitted 
with electrodes at both ends and bad an outlet 
for the water In the base near the cathode* 

For measurements of the hydrostatic pres- 
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Sketch of apparatus for investigations 
<m parallel flow. 

HG.2 

sore darelopad hy electro-osaosis the soil 
sa^^les were tested in a perspex cylinder, con- 
nected to a rubber tube and mercury reservoir 
idiich allowed pressure to be applied artiflc- 
tally (?lg. 3). 

In most of the tests the electrodes con- 
sisted of a simple iron gauze with meshes 1-2 
mm wide and covered on Its Inner face with a 
coarse filter paper or with a permeable cotton 
fabric to prevent the passage of material 
throng the electrodes. 

A series of tests has been made with the 
soils of Table 1 and in addition with koalin 
powder (80 per cent* enaller than 1|JL} and 
with (MsiHi table gelatine* The cxirves of the 
grain size distribution of the soils in Table I 
are plotted in Vig. 4* 



Apparatus for meaaursment of hydrostatic 
pressure . 


FIG.3 


the type shown for a clayey silt in Fig. 6* 
These curves seem to converge on two points 
A and B, except for certain more or less pro- 
nounced irregularities in the neighbourhood of 
the electrodes* In the course of an enerlment 
the distribution curve changes gradually from 
"a” to ”f” and finishes approximately as a 
straight line; no further reduction then occurs 
i*e« a steady condition has been reached* From 
the very instructive results obtained with the 
materials of Table 1 the following condensed 
statement may be made:- 

1) The inclination of the strai^t line A - B 
depends on the potential gradient and is 

the same for all soils with equal 

2) For a given potential gradient the water 
contents at the cathode and at the anode 


TABLE 1 


Soil 

Permeability k 
cm. /sec* 

Liquid 

Limit 

L«L*% 

Plastic 

Limit 

P.L.% 

( a) Sodium-bentonite 

1 X 10-11 

600 

38 

(b) Pat clay (London clay) 

7 X 10-9 

80 

27 

(c) Clayey silt (organic) 

8.5 X 10-8 

46 

24 

(d) Clayey sand (loam) 

3.1 I 10-7 

37 

21 

(ei) Sandy silt 

1.2 I 10-8 



(eg) Quartz powder (ground qiiartz 
sand) 

7.9 X 10-5 



(f) Coarse silt 

6.2 X 10-^ 



(g) Fine sand 

2.9 I 10-5 



(h) Mica powder 




Vertical 

5.6 X 10-3 

1 


Horizontal 

8,0 X 10-3 




a) juantlties of yater Moved and its Distribu- 
tion between the ]felectrod^ 

The results obtained for the osmotic flow 
are very similar for most materials which were 
tested. From Fig. 5 a ma^tude of "k-” of about 
5 X lO-ycm/see* per vo It/cm may be determined* 
The highly colloidal looming bentoxiite shows a 
greater deviation from this value for very 
and ve^ hi^ water contents « reaching 
12 X 10-^ cm^ec. per volt/ca with a water con- 
tent of about 2000 per cent* of dry weight* 

Thm measurements of the water distribution 
between the electjpo^s indicate conditionB of 


are equal for all soils with equal "ke” (Fig.7) 

3) The water content at the cathode approaches 
zero with very anall potential gradients* 

As the potential gradient Increases the distri- 
bution curve rotates about the centre U (Fig*?) 
and It becomes uniform throu^out the specimen 
with very high (infinite) potential gradients. 

Under a very high potential gradient the 
water content at the cathode appears to ap- 
proach a value to 28 per cent* of the dry 
wei^t* The calue for the potential gra- 
dient "zero" Is Imaginary, since in that state 
a considerably hi^er pore-water content exists, 
can therefore not be considered otherwise 




Ditcharg 


CCM 



PdrKiclc Stzc in mm. 


Grain size distribution corres 


FIG.4 



<0 XMt per cm 


Discharge of water bjr Electro-osBosls 


FIG.5 
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Distribution of water content for a clayey 
silt at different tines after start of test. 



General relation between tbs distribution of 
water content and potential gradient 

FIG.7 


March Laboratory 4). In a such lesser degree 
this phenonenon sesais to develop also in pure 
silts. 


b) Consunption of Energy » 

Tnoxigh the results prove that the osmotic 
effect depmds prinarilv upon the potential 
padient, the current flowing through the soil, 
i.e* the amount of current associated with any 
potential, is conditioned by the type of soil 
and the electrolytic oontent* Continuous iieas<- 
urenents on natural soils and on pure 
powder with the use of mains water led to the 
following results:- 

1) pie amount of current passing 1 ca2 of soil 

ISMely on the grain size of the 
soil (Fig. 10), 

2) The amount of the currant is almost inde- 
pendent of the magnitude of the pore water 

content, A noticeable decrease occurs only af- 
ter the water content has been reduced to a 
state far below the magnitudes which have any 
application in building practice# 

c) ^termination of the Blectro-osmotic Pres- 

aure , * 

According to the Helmholtz theory the hy- 
drostatic pressure **P" developed at the cathode 

3) f represented by the equation 


p.Jlll 

n r* 


(3) 


is inversely proportional to the square of the 
radius of the capillary* 

The difficulties in practical tests, caused 
by shrinkage of the sample due to electro-os- 
motic action, were avoided by building up the 
equilibrium pressure within a short tue by 
raising the water or mercury head artificially 
(Fig, 3)* Thus very acciarate results were ob- 
tained (Fig. 8), 

For soils with single grain structures 
such as sand, silt and kaolin, these results 
compare well with the theoretical values as 
shown in Table 2, 


TABIg 2 


Type of Soil 

Magnitude of Pressure Head in 
Squilibrium with 20 volts 
in cm. Water 

Theoretical 

Value 

(Helmholtz) 

Test Result 

Fine sand (passing 100 mesh) 

1 

1 

Sandy silt 

102 

102 

Kaolin (80 per cent, below l>i ) 

4-5 X lo 3 

5 X 103 

Clayey silt 

»2 X 10? 


London clay 

»5 X 105 

\ 103 

Sodium-bentonite 

»5 X lO"* 

i 


than in connection with the general problem of 
electro-osmosis. 

After a certain time of constant flow, the 
uscharge at the cathode sloidy but steadily 
decreases with clayey soils. While the water 
patent is still decreasing at s«oe distance 
frwtt the cathode it starts increasing in its 
l^ediate neighbourhood. This increase moves 
slowly back uftll, specially with clays and 
b^onite, poi^ B in Fig. 6 lies well 
above A, Thla e^ stage was observed also dur- 
ug experiments carried out at the Road Re- 


d) DevelopMnt of Hatural Structures In Soils , 

In 1951 the author ODserved for the first 
time the development of a structure in remould- 
ed clays, after an electrical potential was ap- 
plied, From these observations and recent in- 
vestigations the following general results 
emerged 

1) In conformity with the natural occiarrence 
fissures develop under electro-osmotic treat- 
ment only in plastic materials, A natural stcuct- 
ure cannot be formed, unless a certain amount 
of colloidal matter is present. 
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2) The higher the potential gradient applied 
to the soil the sooner the natural suruoture 
appears* Very aaall p^ential gradients, how- 
ever, inwove to be just as effectire over a 
longer period of time* 

5) Under a given potential gradient the fiss- 
ured structure develops more effectively 
the greater the colloidal content and the grea- 
ter the water content* 

Fig* 9a ^ows a saimle of London clay at 
its liquid limit, with distinct fissured struct- 
ure, d^eloped u^er a small potential gradient* 
If carefully handled a colloidal sludge still 
ccmtaining 800 per cent* of water displays a 
slid.iar structure after having been treated 
electro-o8motically(Fig* 9b). While this swla 
of sludM gives the'im^ession of being fairly 
rigid if not disturbed, it turiis into a thick. 
fluid when rMa>ulded, without water being add- 
ed* 

Apart from the fissured structure parallel 
crecScs are formed under the conditions outlined 
above 9)* These crachs start to develop at the 
cathode and gradually form at regular intervals 
towards the anode* If such a soil is broken up 
the boundaries betwe«i two adjoining soil sec- 
tions display a thin layer of fine crystals, 
apparently deposited from the pore water under 
electro-osmotic ijsfluence* ^ese laminations 
are 4 - 9 mm thick for a potential gredlest of 
0*2 volt/cm and decrease in thickness with ix^ 
creasing potential oadient to a fraction of a 
■a for about 1 volt/cm« 

V* DISCUSSION OF mS RSSULTS * 

a) Quantity of Discharge 

The Important genial result vMch emerged 
f^m the investigations described is the fact 
that, within fairly narrow limits, from a prac- 
tical point of view, the discharge of water is 
equal for all soils* It may be suggested, that 
highly plastic minerals such as Kontaorillonite 
idxich have a considerable amount of water bound 
by molecular forces owing to their lattice struct- 
ure, are possibly responsible for the wider 
range observed for bentonite. 

b) Wat^ Accumulation at the Cathode 

!Phe conc^traiion ojf lirater at the cathode 
seems to be partly dependent on the dedi^ and 
permeability of the cathode* An incrust ed ca- 
thode gauze augments the concentration of wa- 
ter considerably* However a gradual concen- 
tration at the cathode cannot be prevented 
even with the cathode gauze working satisfac- 
torily* 

As the concentration increases, the volume 
of drained water decreases, and simultaneously 



Fissured structure in London clay developed by 
filectro-Osmosis* (5x nat* size) 


FIG.9 a 



Fissured structure in colloidal sludge developed 
by ^lectxo-Osmosls. (9x nat. size) 

FIG.9b 

the electrical current* A simple experiment 
proves that the reduction of the osmotic effect 
is in direct proportion to the concentrated wa- 
ter volume* This is important for the correct 
understanilng of the electro-osmotic water 
movement since the decreasing efficiency com- 
bined with the decreasing Intensity of the 
current may easily conceal tha fundamental con- 
nections* 

The author noticed a very close relation 
between the accumulating water behind the 
cathode and the development of laminations* 
These parallel azid equally spaced cracks start 
forming as soon as the water content of the 
soil begins to increase again at the cathode* 
Besides, the rate with idxich additional cracks 
appear seois to be the sate as the progress of 
water accumulatl^ frtm the cathode towards the 
anode* From these facts and the observations 
that the cracks are filled with free water it 
may be concluded that the stresses developed 
by the water which accumulates are probably 
responsible for the formation of cracks* 
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0 'a } ^ ^ * 

rotential Gradient in volt/cm. 


Flow ot current for various soils. 

FIG.10 


The development of stBilar cracks follow- 
ing equlpotentlal surfaces was observed in 
colloidal gels 5) even when very swall poten- 
tial gradients were need* 

When such samples are broken up they re- 
semble in a striki^ manner some natural de- 
posits of laminated clay* 

c) The Hydrostatic Pressure at the Cathode 

hydrostatic pressure with fine sand » 
sandy silt and kaolln» derived from direct 
testSi show fairly good agreement with the the- 
ory (Table 2). However, such agreement has not 
been found with soils containing a certain pro- 
portion of clay or colloidal particles, such 
as a clayey silt, London clay or bentonite. For 
these soils the pressure head developed at the 
cathode was found to be about 103 cm of water 
for a potential of 20 volts. 

This water head corresponds to a flow in 
capillaries of a diameter of about 0.4 , In 

other words through a system of channels which 
are relatively coarse compared with the size 
of the particles* Together with the fact that 
clayey and colloidal soils develop a distinct- 
ly fissured structure under electro-osmosis, 
and the observation that these fissures are 
filled with free water, it may be concluded 
that the water draining from the cathode is 
transported throu^ the soil in these fissures. 
In that case Ihe formation of the .fissures 
could be feasibly explained on the assumption 
that in clayey and colloidal soils the water 
does not flow according to Fig. 1 but rather 
prefers to open up cracks (fissures) to produce 
a freer passage. 
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LABORATORY COMPACTICm f&CWSlQiXm 
A«L. LtTTIS B.Sc.(Biis)*, A«H.I.C.E. 


SUMMARY , 

paper discusses the Dletert sethod of compaction In the Laboratory and describes vays 
of measuring shear strength of the compacted soils. Reference is made to the relation between 
the Proctor and Dletert techniques, and tentative suggestions are made for a modification of 
the Dletert technique. 


IKYRODUCTIOH . 

The original Laboratory Compaction Appa- 
ratus was devised by Proctor and was deecribed 
by him in 1933. 1) 

The test is tised as a method of control 
idxen building earth embankments or coa^acting 
the subgrade of roads etc. It is pro^sed to 
adopt the l^octor technique as a Stanaard of 
the British Standards Institution, It has also 
been adopted by the American Association of 
State Highway Officials and is known as 
AASHO T - 99 - 38, A full discussion of the 
test may be found in a paper by Markwick, 2) 

For various reasons, another type of Com- 

? actor manufactured by Dletert 3) toriginal- 
y for Foundry Sands) has been adopted for use 
in the Laboratory of Messrs, Soil Mechanics, 

Ltd, , London, and has been correlated with the 
Proctor Apparatus, 

THB PROCa?OR TBCHHIOUB , 

The Proctor techziique Is well-known, but 
briefly it consists of mixing soil to a inown 
water content and ramming it into a mould 
4-inches diameter with a volume of l/3Ct;h cubic 
foot. The rammer weighs 3'^l^s and is dropped 
through 1 foot. The mould is filled in three 
approximately equal layers each layer being 
struck 23 times with the ramaer. In order to 
make srzre that the mould is filled, a loose 
collar is provided to accomodate surplus soil 
idiich is removed when the compaction is com- 
plete, The weijh^ of soil in the mould is meas- 
ured and the density is determined. The opera- 
tion is repeated for a number of different 
moisture contents and a graph is drawn (as in 
Fig, 3) showing the variation between density 
and moisture content* 

It is usual to express the density as dry 
density, 1,6, the amount of dry soil contained 
in unit volume of the mixture - soil and water. 
This avoids the masking effect of the moisture 
content. 

The graph indicates a maximum dry density 
at a definite moisture content known as the 
^optimum**. Both the maximum dry density and 
the optimum moisture content are characteris- 
tics of the soil and depend to 8(»iLe extent on 
its Liquid Limit, 

THB DIKPBRT TBCHiriQPE , 

Figure 1 shows a photograph of thq Dletert 
machine and its accessories. Figure 2 is an out- 
line drawing showing the principal factures, A 
wei^t **A" slides freely up and down the guide 
and is actuated by the cam ”C"^, This cam 
which moves up snd down with the guide ensures 
that the wei^t always falls throu^ the same 
distance whatever the initial thickness of the 
soil pat. Detachable ”foot** ”D** and may be 
screwed on to the guide rod to be tised in con- 



FIG.1 

junction with either li-inch diameter cylin- 
ders (F) or the shear box (G), is a spiral 
depth gauze used to measure the lezkght of the 
samples* It is calibrated so that the ”wet” 
density in pounds per cubic foot is given by 
dividing the wei^t of the soil pat in gms by 
the gauge reading. 

The Dletert machine as origixially used 
had a single fixed "foot” of 2 -inches diameter 
and was used to compact soil pats in connection 
with soil stabilisation tests. The following 
technique was finally evolved for this purpose: 
1) A quantity of soil was mixed to the required 
moisture content, 

2 } 130 gms of this wet soil was put into the 
2 -inch diameter cylinder, 

3) This soil was compacted by allowing the 
weight to fall on it 10 times, 

4 ) The cylinder was inverted and ten blows 
struck on the other side of the pat, 

3) The weight and length, of the pat was meas- 
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Drawing of Dietert apparatus and accessories 


F1G.2 


ured and hence its density determined. 

A typical compaction curve is shown in 
3. ^ 

Owing to the smaller size of the cylinder, 
the Dietert technique cannot deal with- such 
coarse material as the Proctor. In this Labo- 
ratory, the practice has been to limit the use 
of the Dietert to -material passing 1/8-inch 
sieve (about 3 nun). For coarser material it is 
necessary to use the Proctor technique, or to 
sieve the material and use only the finer frac- 
tion. In this latter case care must be used in 
interpreting the results. 

PBLATION BETV/HBN PROCTOR AM) DIETERT TESTS . 

It was realised that as the Dietert test 
required only 15O gms of soil it had consider- 
able advantages from the Laboratory point of 
view over the Proctor machine which required 
about 1500 gms. Only one tenth of the weight 
of soil requires to be mixed, and since tho- 
rough mixing is an essential in compaction 
tests, a great deal of labour is saved and ac- 
curacy is probably increased. Accordingly, 
parallel tests were carried out on various 


soils using the Dietert and Proctor techniques 
as described above. Table I gives typical re- 
sults which were obtained on soils with Liquid 
Limits ranging from 18% to 87% and a typical 
pair of compaction curves is given in Fig. 3* 

It will be seen from the table that the 
Dietert technique tends to give higher dry 
densities and somewhat different optimum moist- 
ure contents from the Proctor technique. From 
the practical point of view these differences 
are not great and either method can be used. 

However, it is desirable to obtain the 
closest possible correlation between the two 
methods and further tests are being carried 
out. 

The results obtained so far are summarised 
in Figs. 9 j 10 and 11. A “Proctor” test was 
carried out on the soil in the normal manner 
and the curve obtained is shown. The Dietert 
test was carried out as described above, ex- 
cept that a series of tests was made, the first 
using 4 blows total instead of 20 and so on.In 
the case of tiie "normal compaction" soil "B" 
(Fig. 9) it will be seen that a total of 5 
blows using the Dietert techni^e closely cor- 
responds to the Proctor case. !mis is also 
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Soil 

ref 


Liquid 

Limit 

% 


Proctor technique 

Diet«rt technique 

Description 

Liadt 

% 

Optimum 

TOlsture 

content 

% 

Maximum 
dry den- 

Optimum 

moisture 

content 

% 

Maximum 
dry den- 
si^ 3 

A 

Brown very sandy clay 

18 

12 

12,0 

122.5 

10.0 

125.0 

B 

Brown sandy clay 

25 

15 

10,7 

125.8 

9.5 

129.9 

C 

Brown silty clay (top Soil) 

55 

20 

17.0 

104.2 

16.5 

104.9 

D 

Brown silty clay (top Soil) 

55 

15 

17.0 

1<^.7 

16,2 

108.0 

S 

Brown silty clay (top Soil) 

54 

19 

15-5 

104.5 

15.5 

106.0 

P 

Brown silty clay (top Soil) 

40 

25 

20.5 : 

57.5 

17.0 

103.0 

G 

Grey Blue silty clay 
(Rocent Alluvium) 

46 

21 

19.5 

105.0 

20,0 

105.2 

H 

subtly silty Grey Clay 
(London Clay) 

e? 

20 

2^.4 

100.6 

20,5 

107.2 

J 

Yellow Brown Clay 

(Recent Alluvium) 

87 

28 

54.5 

85 

24.3 

55.7 
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moisture content 

Typical compaction curves 

F1G.3 

borne out by soil '*H” (Fig. 10). A deparinire, 
however, it seen in the case of the soil **J” 
(Pig. 11). This was an active clay with a Li- 
quid Limit of 87 and represents a type unlike- 
ly to be used in actual field compaction. 

Further correlation teats are being carr- 
ied out, and although the gap between the den- 
sity and optimum obtained by the two techniques 
(in their original form) appears to increase 
with increasing Liqviid Limit, it appears that 
good agreement is obtained between the Dietert 
and JProctor techniques by a suitable modifica- 



Proctor 2" Dietert li" Dietert 


FIG.4 

tion. This modification consists of reducing 
the total number of blows struck in the Dietert 
technique, to an amount tentatively fixed at a 
total of 5* Otherwise, the techniques should 
remain as described above. 

Results have been published 4) showing 
increases in density obtained by increasing 
the work done in the case of the Proctor tech- 
nique and it is interesting to note that such 
resTiIts boar a general similarity to those 
described here. 

MEASUREMENT OF SHEAR STRENGTH , 
a) Trlaxial Samnles . 

As originally devised, the Proctor technique 
included an empirical method of estimating the 
strength of the compacted material by pushing 
into the soil bearing plates of various sizes, 
and such measurements can be correlated with 
shear strength. However, the advantages of 
measuring the shear strength directly are ob- 
vious and a simple modification of the Dietert 
machine enables this to be done. 

Instead of compacting the material into a 
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HOSTUIK CONTEKT \ 

Compaction shear strength characteristics 

FIG.5 
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Mohr's diagrams of samples tested after 
softening up. 

FIG.6 



Relation between liquid limit and optimum 
moisture content. 

FIG.7 


2-inch diameter cylinder it was compacted into 
a ly-inch diameter cylinder# It was found that 
in order to secure the '*Dietert"den8ity,the work 
done had to be reduced to 4 blows on each end 
of a soil pat, weighing 92 gms. This gave a 
pat at least li-inches long# Two of these pats 
placed together (and trimmed if necessary), 
give a cylindrical sample 3-inches long by 
1^-inches diameter vhich can be enclosed In a 
rubber envelope and tested in the Triaxial Com- 
pression Apparatus in the usual way# Fig. 3 
shows the shear strength characteristics ob- 
tained at different densities# 

Owi^ to the design of the machine it is 
not possible to compact a 3-inch long sample 
in one operation, but in any case it seems pre- 
ferable to retain the It" long by iT-inch dia- 
meter pat Owing to its geometrical similarity 
to the 2-inch diameter Dietert pat and the 
Proctor sample (Fig. 4). 

The Proctor apparatus has also been mo- 
dified so that triaxial samples may be prepar- 
ed from it, but so far very few tests have 
been carried out. 

b) Shear Box Samples . 

Compacted tihe^ box samples may also be 
prepared by the Dietert technique by ramming 
the soil direct into the shear box using the 
6 cm square piston shown in Fig. 2. 

In this case, in addition to reaching a 
given density at the "optimum" moistxare con- 
tent it is also necessary to obtain a pat ap- 
proximately 2 cm thick. This condition, of 
course, codtrols the weight of soil which may 
be used. So far, it has been found that 12 
blows on either side of the pat give the 
Dietert density udien using the amount of soil 
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Relation between liquid limit and mazimum 
drj density, 

FIG.8 

calculated to give a 2 cm thick pat* It may be, 
however, that when soils of low density are 
compacted by this method, a different number 
of blows will be necessary to 8ec^u^e the cor- 
rect compaction* Work on this aspect is con- 
tinuing* 

Ihis technique was designed to enable com- 
pacted samples to reach their equilibrium moist- 
ure content \mder any given overburden before 
being tested for shear stren^h* It was not In- 
tended to measure the "immediate" shear straogth 
of compacted samples by this method, since this 
is best done by using the triazial technique 
described* 

SOFTENING T2STS , 

In order to estimate the effect of a soft- 
ening on the stability of a compacted bank, the 
technique of the softening tests was developed> 
After compaction of the l4-inch diameter 
sample, it was put into a rubber iacket with 
open ends and immersed in water* It was found 
that one days immersion was usually sufficient 
for the majority of the softening effect to oc- 
cur and the samples were taken out after this 
time and tested* 

In Fig* it will be noted that the maxi- 
mum shear strength will in general be attained 
at a moisture content somewhat below the opti- 
nnm* However, the practice of compacting soils 
at or near their optimum moisture content is 
justified when the results the soft- 
ening tests are considered* 

?ig» 6 shows the Mohr’s diagrams obtained 
f]?om the tri axial tests on the same samples 
under different conditions of moisture content 
and compaction* It can be clearly seen that the 



FIG.9 

softening effect is worse where the material is 
compacted at 80% of its optimum moisture con- 
tent. Worse, in fact, than v^ere the work done 
is reduced so as to give 89% of the Proctor 
density at the optimm moisture content. It is 
also interesting to note that from this point 
of view it is much worse to compact at 80% of 
the optlnrum moisture content than 120% • Simi- 
lar results have been obtained with other ma- 
terials* 

EFFECT OF LIQUID LIMIT * 

Figs. 7 8: 8 respectively show the varia- 
tion between Liquid Limit and Optimum Moist- 
ure Content and between Liquid Limit and Maxi- 
mum Dry Density. 

The results although not very clear cut 
do indicate a definite tendency for the opti- 
mum moisture content to increase with increas- 
ing Liquid Limit. The Maximum Dry Density on 
the other hand, reduces with increasing Liquid 
Limit. 

Table II gives the relationship between 
Grain size distribution and compaction charac- 
teristics* As would be expected from the Liquid 
Limit relationship, the optimum moisture con- 
tent tends to decrease and the maximum dry 
density to increase with increasing content of 
coarse materiel* 

FUTURE TRENDS* 


The trend in the field is to use heavier 
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compaction machinery and obtain densities con- 
siderably In excess of those possible a decade 
ago* Complementary to this the '^Hea:vy Proctor** 
has been Introduced Into the Laboratory* 2} 
This utilises a lO-^und rammer dropped through 
18- Inches Instead ox a ^i-’pound rammer dropped 
throu^ 12-lnch68» 

It may be necessary to modify the Lietert 
technique to correspond to this test and fur- 
ther work will then be required to correlate 
the two* 

^y using the method described of compact- 
ing In the shear boxt it will be possible to 
allow samples to swell or consolidate under 
^ven overburden loads | and It will be Interest- 
ing to compare results of such tests with the 
softening tests carried out on the li-inch cy- 
lindrical samples* 

In general, the approach to compaction 
problems is still largely empirical, but there 
is now no reason vAiy estimates of stability 
should not be based on shear strength calcula- 
tions as well as previous experience* 


The work described was carried out in the 
Laboratory of Messrs* Soil Uechaziics, Ltd., 
and the author wishes to express his thanks to 
his Assistant - Mr* T,G. Clark - idio carried 
out most of the tests, and to the Directors 
for permission to publish the results, 

1) R.fi, doctor, ''Four Acticles on Soil Com- 
paction"* Engineering News Record, Vol. 59* 

2) A.H.D, Markwick, "The Basic Principles of 
Soil Conq>action and their applicatioif* In^ 
stitution of Civil Engineers (London) Road 
Paper No. 16. 

3) American Foundrymen's Assoc., "Foundry Sand 
Testing Handbook," A.F.A. 1944* 

4) W.E. Curtis, "Soil CompachLon Experiments 
point way toward stronger, more economical 
subgrades". 
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II 51 2 SOME LABORATORY EXPERIMENTS IN THE WATERPROOFING OF SOIIS 

E.E. CLARE 

Department of Scientific and Industrial Research 
Hoad Research Laboratory 


SUMMARY . 

The note points out the value of reducing the ability of moisture to enter soil, as for 
^t^ce, in the case of road subgrades, and it deals in detail with two waterproofing agents 
which have been investigated at the Road Research Laboratory* These are "Vinsol"— resin, which 
solid in powder form, and a waxed fuel oil. Both these materials have surface— active pro— 
spread over the surface of water in thin films. It is suggested 
that the waterproofing of soils iriien admixed with these materials is due to the formation of 
such films at the air/water interfaces in the pores of the soil* 

A description is given of the Capillary Water Absorption test developed at the Hoad Re- 
sewch ^jo^story for evaluating the waterproofing properties of such stabilizers. Results ob- 
tained with this test in the case of a sandy clay soil are given, indicating, that under ideal 
laboratory conditions, 1 per cent of the resin and 3 per cent of the waxed oil by weight of the 
soil impart a maximum degree of waterin^oofing to the soil. 

4 . 1 , Capillary Water Absorption test, account is taken, in preparing the specimens, of 

the influence of the waterproofing agent on the compaction properties of the soil. Laboratory 
compaction tests ^de on mixtures of the sandy clay and the two stabilizing agents referred to. 
ahow that both reduce the maximum dry soil density. 

to the importance of the pH of the soil-water in the waterproofing of 
resinous materi^s. Curves are given showing that the water absorption is greater in 
a^aline TOils than in soils having an acidic reaction. However, some very alkaline soils and 
also ^alk can be waterproofed using sodium stearate or tall oil emulsions. 

A study has^so been made of the soil waterproofing properties of several resins from 

t resin was found to have an effect of the same 

water^ofing properties of Wallaba resin from British Guiana were 
found to be conaidwably improved by treating the resin with acetyl chloride. 

S effect, the addition of "VinBol"-resin appears to impart to chalk some 
OTlhed^S H is particularly susceptible. Experiments are des- 

spec^ens of powdered chdlk were frozen from the top downwards, 

A water* After 16 hours, ice-lenses were formed in spe- 

cimens of the untreated material, while specimens containing resin were uxiaffected. 

results obtained with the sandy clay s^l are given, Showing that the oddi- 

increasiug either the 


INTRODUCTION 

In road engineering it is ia^rtant that 
bases and aubgrades constructed of cohesive 
soils should have an adequate stability when 


laid, and that this stability should be sub- 
sequently maintained. Such soils are stable if 
wll compacted at suitable moisture contents, 
but they may become les^ stable owing to the 
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ingress of inter. While the provision of an 
Imperse^le road surfacing will prevent the 
entry of water froa ehove, ooisture content 
increases aay occur fron water rising froa a 
water-table* A aethod of reducing and delaying 
such moisture content increases is to nix wa- 
terproofing agents with the soil. This paper 
is concerned with laboratory investigations 
made at the Hoad Hesearch laiboratory into the 
properties of some of these soil waterproofing 
materials* 

WATSRPROOPINfl AGEHTS 

Among the more imrortant waterproofing 
agents studied are resinous materials, of «£lob 
" 7 in 80 l'*-re 8 in is the most well-known, and 
bituminous materials, of idilch waxed fuel oil 
Is a typical example* 

^*Vlnsol" is a brown resin obtained by the 
solvent extraction of the residue left after 
the distillation of pine-tree roots for tur- 
pentine 1), and it is available commercially 
in the form of a fine powder. Although its 
exact chemical constitution is not known, it 
contains, like abletic acid, the main constit- 
uent of rosin, a carboxyl group which confers 
polar properties on the molecule as a whole* 

By virtue of this property the resin is able 
to spread over the surface of water in the 
soil in a layer of molecular thickness* The 
waterproofing action of ”7insol”-resln and 
other resinous materials iriiich behave in a 
similar way, is believed to be due to the re- 
sistance to displacement offered by this layer 
to additional water entering the soil. The 
spreading action of resin on water can be de- 
monstrated by dusting a small quantity of 
French chalk on the uncontaminated surface of 
some distilled water contained in a photo- 
graphic developing dish* /Vhen a few grains of 
the resin are dropped lightly from a penknife . 
on to the water surface, the chalk particles 
will be seen to move slowly away leaving a 
clear area near each grain. 

A bituminous material that has been found 
to have a very effective waterproofing action 
when mixed with many types of soil is a fuel 
oil containing about A per cent of paraffin 
wax 2). The commercial product has a viscosity 
of 30 seconds B.R.T.A, at 25° C. when measured 
on the 4 mm cup, and has been used in con;) unc- 
tion with a flocculating agent such as lime 3)* 
The mechanism of the waterproofing action has 
been dealt with by Jackson 4) who concluded 
that the oil spreads out on the air/ water in- 
terfaces in the soil, in very thin films. A 
layer of paraffin wax micro-crystals possess- 
ing some rigidity is then thought to develop 
on the surface of the oil films. A rigid water- 
repellant layer formed in this way on the soil 
particles would present a hydrophobic surface 
to water entering the soil and would not be 
displaced by it. 


CAPILLAHY TATHR ABSORPTION TEST 

The method developed at the Road Research 
Laboratory for assessing the effectiveness of 
stabilising agents for waterproofing soil is 
known as the Capillary Water Absorption test. 

In this method a standard compaction test 5) 
is first made on the soil having a stabilizer 
content in the middle of the range that it is 
intended to investigate; i.e., a stabilizer 
content of 5 per cent would be selected if ab- 
wrption teats were to be made over the range 
0-6 per cent* !I3ie compaction test is required 
xor the purpose of determining the dry density 
wxd moisture content at udiich to prepare speci- 


mens for studying the water absorption of the 
treated soil; these should approximate to 
conditions obtainable in practice, and re- 
search at the Road Research Laboratory has 
shown that of the available laboratory teats, 
the standard compaction test most closely re- 
produces field conditions in Great Britain. 

It is not possible to use the results of a 
standard compaction test on the untreated 
soil, as waterproofing agents of the types 
being considered make the soil more difficult 
to compact, resulting in a different moisture 
density relation. This Is illustrated In Fig. 
1 and 2, In which compaction corves are shown 
for a sandy loam soil from Harmonds worth, 
with and without the addition of .respectively 
I per cent ''Vinsol''-resin and 3 per cent of 
waxed oil. Curves are shown for the treated 



koi store / density relations for Harmondsworth 
sandy loam containing 1% **Vin 80 l'* resin, 
before and after curing. 

F1G.1 



koistore / density relations for Harmondswofth 
sandy loam containing % of waxed fuel oil, 
before and after curing. 

FIG.2 
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soli when freshly mixed with the stabilizer 
and after having been allowed to cure for 1 
week* It will be seen that the addition of 
the stabilizer causes a reduction in the max- 
imutn dry soil density in both cases, the re- 
duction being obtained immediately with the 
waxed oil, but only after curing with the 
soil treated with "Vinsol^-resin. 

The dry soil density and moisture content 
at which the water absorption specimens are 
prepared are those selected by drawing the 10 
per cent air-voids content line on the sane 
graph and finding the co-ordinates of the 
point at Tdiich this line and the relevant com- 
paction curve Intersect* The use of a 10 per 
cent air content ensures a condition in which 
the untreated soil can absorb water* If the 
soil in the field is to be compacted as soon 
as mixing has finished, the curve for the un- 
cured mixture is used, but if the mixture is 
to be allowed to stand unrolled, as for exam- 
ple In a stock pile, the second curve for the 
cured material is used. Duplicate specimens 



Split Cylindrical Mould, with a couowduT 
internal volume, for preparing capillary 
water absorption specimens* 


FIG.3 


are then made vm in the split cylindrical 
mould shown in rig* 3$ which has a known in- 
ternal volume (3 ia« long and 2 in* diameter), 
idien the two plungers are pressed home; it is 
thus possible to obtain a required dry dens- 
ity by compressing a calculated weight of the 
treated soil In the mould. The use of tiie 
split mould enables specimens to be removed 
rapidly witlMut damage* The bulk density of 
specimens are checked by weighing and measur- 
ing after moulding. 

Specimens are then kept in a humid at- 
mosphere for three days since some atabiliz- 
ihg agents have been found not to develop 
their full waterproofing effect immediately* 
The curved surfaces of the specimens are then 
g^iven a thin coating of paraffin wax, and the 
cylinders are weighed and stood in about 2 mm 
of water in a closed tank. The amount of water 
absorbed is determined by measuring the in- 
crease in weight after periods of 1, 3, 7, 14 
and 28 days. 

Since the specimens are made up to a 
constant volume Cl 34 cc.) and a fixed air-voids 
content (10 per cent) it follows that the 
volume of air- voids is 15*4 cc. This is also • 
the volume of water required to saturate each 
specimen if it la assumed that water enters 
all the air-voids and that no swelling takes 
place. The volume of air-voids that are un- 
filled at the end of the test can thus be used 
as a criterion by irtiich the efficiency of a 
stabilizing agent can be compared. 

Typical results from two series of tests 
with "Yinaol" -resin and a waxed fuel oil are 
shown in Fig. 4 and 3« soil used in the 
tests was a sandy loam from Harmondsworth 
having the characteristics shown in Table 1 
below. 

Prom Pig, 4 it will be seen that the wa- 
ter absorption is considerably reduced by the 
addition of about 1 per cent of "Vinsol”, but 
that additional resin effects no further im- 
provement, and in fact the addition of 3 per 
cent causes an increase in water absorption. 
The specimens of untreated soil are fully 
saturated after 7 days, whereas those contain^ 


TABLE I 


Particle size analysis* index 6) . and comnactlon test 5) results 
lor a sample of Harmondsworth sandy loam 


Particle size analvsis 



Coarse Sand (2*0 mm - 0,2 mm) 

(%) 

4 

Fine Sand (0*2 mm - 0,02 mm) 

W 

57 

Silt (0*02 mm - 0*002 am) 

W 

14 

Clay ( < 0*002 mm) 

(%) 

-25 

Total 

(.%) 

100 

Index tests 



Liquid Limit 

(%} 

32 

Plastic Limit 

(%) 

18 

Plasticity Index 

(%) 

14 

Compaction test 



Maximum dry soil don8ity(lb*/cu*ft.) ' 


110 

Optimum moisture content 

(St) 

16 

(Mechanical Analysis by IntematioJ 

L 1 1 

id aetho^ 

1 1 

0 

1 
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Watai* absorption of spaclmans of Haraondsworth 
sand/ Xoas containing various percantagss of 
^Yinsol" rosin. 


FIG.4 



fStloys 
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I day 


Water ausorption oi specimens of Earmondsworth 
sandy loam containing various percentages of 
waxed fuel oil. 

FIG.5 


ing 1 per cent of resin are less than 10 per 
cent saturated after the same period. 

The shape of the curvfe for the specimens 
treated with the waxed oil (Pig, 5) is differ- 
ent from that for the ”Vinsol”-resin, The 
amount of water absorbed after 14 days is con- 
stant for oil contents up to 1.75 per cent, 
and completely saturates the soil. The water 
absorption is much less at 2 per cent oil 
content when the soil is only 20 per cent sa- 
turated. 

Experience at the Road Research Laborat- 
ory wi1^ a number of such tests has indicated 
that a soil that can be waterproofed satis- 
factorily will absorb about 6 gm. of water 
after a period of 28 days. 


jfiB IHPLUJSNCE OF THE pH OF SOU OH THE WATER- 
ragOPiKG EFFECT OP RRSIHOaS MATERIALS 


to say its acidity or alkalinity, is conve- 
niently eiroressed on the pH scale. The pH value 
of a solution is defined as the logarithm to 
the base 10 of the reciprocal of the hydrogen 
ion concentration. A completely neutral solu- 
tion has a pH value of 7» while acids and al- 
kaline solutions have pH values below and above 
this figure respectively. The reaction of most 
British soils varies between about pH 4 for 
acid heath and fen soils and pH 8 for alkaline 
chalky soils. 

The pH of water as it exists in the soil 
is difficult to measure directly, and for most 
engineering purposes it is sufficient to deter- 
mine the reaction of a soil suspension. Since 
the pH of such aqueous suspensions varies with 
the concentration, the practice at the Hoad 
Research Laboratory is to determine the react- 
ion of a standard suspension containing 1 part 
of soil by wei§^t in 3 parts of distilled wa- 
ter. Ihe determination is carried out electro— 
metrically by measuring the potential differ- 
ence between the suspension and a glass elec- 
trode^ using a saturated calomel electrode as 
a reference level. 

To investigate the effect of soil react- 
ion on the waterproofing properties of resioDus 
laaterialg, capillary water absorption specimens 
were made up with a 1 per cent a^ixture of gum 
rosin in an acid sandy loam soil from Oaklands, 
Hertfordshire. The pH of this soil was adjust- 
ed to different values by the addition of cal- 
cium hydroxide. The various specimens were sub- 
jected to capillary water absorption test for 
periods from 1 to 28 days. 

The results of these are shown in Pig. 6. 



Relation between water absorption and hydrogen 
ion concentration (pfi) for a sandy loam soil 
treated with 1% gum rosin. 

FIG.6 


It will he seen that the rosin exerts a water- 
proofing effect in all cases ^ere the soil 
reaction was acid, vdiereas vdien the pH value 
exceeded 7 there was a definite Increase in wa- 
ter absorption, the amount absorbed increasing 
with a numerical rise in pH value. Similar re- 
sults were obtained when ''Ylnsol "-resin was 
employed. It is therefore concluded that natur- 
al (i.e. unmodified) resins of this type can 
only exert a waterproofing action urtien used 
with acid soils. 


The reaction of the soil water, that is 





254 

THE -VATEaPROOFiyG OF ALKAXiINE SOILS 

Hdcognising the llnltatlons Imposed bj the 
pH effect described above « It was felt that a 
method should be found for waterproofing al- 
kaline soils, particularly in view of the wide 
occurrence of such soils in Southern England. 

As a result of observations made during another 
investigation Involving cation-active materials, 
it was decided to determine the effect of anio- 
nic soaps as waterproofing agents for alkaline 
soils* 

Capillary water absorption tests were 
therefore made to determine the waterproofing 
effect obtained by mixing sodium stearate in 
powdered natural chalk. Ihe results (Fig. 7) 
showed that the untreated specimens absorbed 
40 gm. of water after 1 day, whereas the ad^ 
dition of 0.9 per cent of stearate reduced 
this figure to about 5 gm. , or less than one- 
tenth of the original value. The effect was 



Relation between stabilizer content and water 
absorption for capillary water absorption 
specimens of chalk treated wich sodium stearate. 

FIG.7 

still operative after 28 d^s. Similar results 
were obtained lAien this chemical was added to 
laterized soils containing a proportion of 
free iron oxldOi and it is thought that the 
waterproofing is due either to the adsorption 
of the soluble stearate ions on to '^e surfaces 
of Idle soil particles or to the formation of 
water-insoluble calcium or iron stearates at 
the water/ air interfaces in the soil pores. 

There are how a number of commercial soil 
atabillzatlon processes, many of them patent- 
ed 7) « involving the use of water-soluble soaps 
of organic acids of different types. Metallic 
salts such as calcl\m hydroxide and ^e sul- 
phates of aluminium and Iron are often added 
to precipitate the required water-lnaolubla 
so^a, and these will also presumably have a 


flocculating action on the clay particles in 
the soil. One of those materials, a commercial 
resinous emulsion derived from the tall oil or 
liquid rosin obtained as a by-product in the 
manufacture of paper was found to have a wa- 
terproofing action when mixed with soils hav- 
ing chalk contents of 4 per cent or awre. Fig. 
8 shows the results of capillary water absorp- 
tion tests on a sandy loam soil containing 4 
per cent of chalk ^en admixed with this emul- 
sion. 



Variation of water absorption of a sandy loam 
soil containing 4% of chalk when treated with 
a resinous emolaion. 


FIG.8 


THE USE OF TROPICAL RSSIH3 

Both "Vinsol "-resin and gum rosin are ob- 
tained from pine trees, which occur in temper- 
ate climatic conditions. The waterproofing 
properties of several other resinous materials 
from tropical reglozis have, however, also been 
studied. Among the materials Investigated were 
Copal and Damar resins from the Dutch East In- 
dies and tile Belgian Congo, and resins from 
Ceylon and Nigeria. The only resin having wa- 
terproofing properties comparable with ”Vtnaol 
under the conditions of test was a Manila 
Copal resin* 

An Interesting aspect of this work was the 
improvement of the waterproofing characteris- 
tics of a rosin obtained by the modification 
of its molecular structure* Fig* 9(a) shows the 
results of water absorption tests on specimens 
of Harmondswox^h sandy loam containing resin 
from the Wallaba tree of British Culana. Fig* 
9(b) shows the results of similar tests with a 
derivative of the rosin obtedned by treating 
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(q) Natural Walloba Resin 



RESIN CONTENT 
-per cent 

(b) Modified Wallabo Resin 


Effect of modification of chemical structure on the waterproofing 
properties of wallaha resin from British Guiana, 

F1G.9 


it with acetyl chloride. An improvement in 
both the minimum resin content required and in 
the permanency of waterproofing was obtained, 
presumably because the film formed by the mo- 
dified resin has greater stability than that 
of the natural material. 

EPgjjX^f OF ”VINSQL”-RESIN QN EflQST RESlSTAtfOa 
Qg CHALK 

A particular characteristic of challc is 


its susceptibility to damage by frost, and 
several cases have been observed in Southern 
England in which roads on chalk sub^ades 
have been disrupted during severe winters. 
E^eriments were therefore carried out at an 
early stage to determine whether resinous 
treatment of chalk could reduce this suscept- 
ibility. 

Eig, 10 shows four specimens of powder- 
ed natural chalk which were prepared in the 
standard compaction mould, and subsequently 



Chalk speclMQS after being subjected to a temperature gradient freezing 
test for 16 hours* The two specimens on the left are made with the 
original material, while the two on the right contain 1% »*Vinsol** resin. 

FIG.10 
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subjected to a temperature gracuent by ^ow- 
inpc the top surfaces to come Into contact 
with air at - lOO C., lAUe the lowar sur- 
faces were imersed in water »alntaiiied at a 
temperature slightly above 0® C. Two of Idle 
specimens were prepared from the natural 
chalk, while the others were made with the 
same material containing 1 per cent of 
”Vin 3 ol’'-resin. It will be seen that under the 
conditions of the test the resin-treated spec- 
imens remained unchanged, idiereas ice— lenses 
were formed in the untreated specimens as a 
result of ^rtiich they increased in height about 
half an inch. It was concluded therefore, that 
the ^addition of resin may lidilbit the damage 
of chalk by frost to some extent, but the me- 
chanism by i^ich this is accomplished is not 
yet known. 


EFFECT Oy "YIKS0L"-HESIN ON THE STABILITr OF 
SOIL 

It was originally thought that the addi- 
tion of resinous material might increase the 
stability of a soil by raising the inter-part- 
icle friction, by analogy with the use of rosin 
on pulleys and belts* A series of box shear 
tests were therefore made with untreated and 
treated samples of Harmondsworth sandy loam to 
Investigate this possibility. The results are 
given in Table 2 below: 


i!he ^rk lescribed in this paper was car- 
ried out at the Hoad Hesearch Laboratory of 
the Department of Scientific and Industrial 
Hesearch as part of the programme of the Bead 
Research Boa^« The paper is presented by per- 
mission of the Director of Boad Research. 
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TABLE 2 


Results of box shear tests on specimens 
of Harmondsworth sandy loam soil, with 
and without the addition of "Yinsol^-resin 


Resin content 

(%) 

0 

0.5 

1.0 

Moisture content 

(%) 

10.3 

9.6 

10.1 

Dxy soil density (ib./cu.ft.) 


103 

104 

105 

Ooliesion (c) (Ib./sq.ln.) 


16 

16.5 1 

18 

Angle of Internal (0) 

Friction 

(0) 

40 

40 

^1 


It will be seen that, within the limits 
of experimental error, neither the angle of 
internal friction nor the cohesion are chang- 
ed by the addition of the resin. 


A.S.T.M. Standards . Philadelphia, 19AA 
(fEe Society;. 

7) British Patents Nos. 575, A79; 575,A8A-5; 
575,798. 


0 — 0 — 0 — 0 — 0 — 0 — 
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M IBVBSlIMyiQH OF THK BEARING CAPACITY Gf SHALLOW FOOTIgGS (MT DSY SARD 
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Hepartaent of Scientific and Industrial Basearch 
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mmopucfiOB , 

Although sereral Imreatigators 1), 2)« 3), 
4) hare carried out aaall-scale loading tests 
on sandf their aoqperinents were restricted to 
sixrface loads, fhe hearing capacity of footings 
and piers located below the surface does not 
appear to have been determined eiq>erli^ntallyi 
nor is a rigorous analysis of this problem 
arailable owing to its aath^natical difficult* 
ies. In order to assess the value of approxim- 
ate methods, a preliainaxy series of model ex- 
periments has been made on square and rectang- 
ular footings on dry sand, at depths of up to 
six times the footing width. These tests are 
briefly described below and the results are 
analysed on the bas^-s of the observed movements 
in the sand mass and shear strength of the sand. 

lOBTHOP AMD RESUI/TS OF lOADIKG AMD AKCILLABT 

SHBAB TESTS . 

The loading tests were carried out in a 
stiffened steel tank (Fig. 1) 18 in. long, 15 
in. wide and 18 in. deep, which was filled in 
3 in. thick layers with a clean and dry medium 
river sand* The grading lay between 0.3 and 
0*6 mm, with 50 per cent* passing a 0*4 mm 
sieve; the specific gravity of the particles 
was 2.70. Bach layer was tamped with a vibrat- 
ing hammer, and a fairly uniform density was 
obtained, the average porosity being 37*1 per 
cent* 

The footings were brass sections i and 1 
in. wide; their lengths and depths varied from 
T to 6 in. They were placed at the required 
depth in the centre of the tank and loaded by 
a jack through a proving ring* The load was 
axiplled in small steps, each increment being 
maintained until the settlement was sensibly 
c<»pl6te* The tests were continued beyond the 
ultimate bearing capacity and the final small- 
est value until the additional surcharge effect 
became noticeable and the failure surface was 
well developed* More information about the ex- 
tent of the faillvire surface was obtained from 
similar tests on footings in a wooden box with 
a glass front, the inside face of idiich had 
been smoked to record the movement of the soil 
particles* 

The principle results of the loading testa 
are summarized in Table 1 below* 

Some typical tests are illustrated by 
their settlement-pressure curves in Pig* 2* 

When a footing was loaded, its settlement in- 
creased at an increasing rate until the ultim- 
ate bearing capacity was reached* That happen- 
ed at a settlement of 0*05 to 0.2 times l£e 
^dth of the footing, the lower limit relating 
to shallower and the upper limit, to deeper 
footings* The final bearing capacity occurred 
at about twice tha above settlement by idiich 
TMe a failure surface usually became notice- 
able at ground level* With square footings, 
^wever, no. failure surface was observed for 
depths greater than twice the footing width* 

In plan the failure surface was circular 
for square and elliptical for rectangular foot- 
ings, the sand surface rising uniformly for 
shallow foundation depths (Fig. 3) and as a 
flat doze for greater depths rPig. 4), 

Failure rarely took place with the formation 



Arrangement of Loading Test. 


FIG.1 

of two rupture surfaces, but generally the 
footing tilted slightly to one side, on which 
a small crater was produced, with a sizigle 
failure surface on the other side of the foot- 
ing (Fig. 5)* 3he corresponding ground move- 
ments extended to depths of 2 to 3 times those 
of the failip?e surfaces below the foundation 
base* 

The angle of internal friction ^ of the 
sand and the angle of skin friction 0 of sand 
on brass were determined in a constant rate of 
strain shear box 5) for varioiie porosities 
and vertical pressures. The results (Fig. 6 
upper curves) agreed with previous investiga- 
tions 6), 7) in that althou^ the ultimate (or 
maximum) (or residual) value increased with 
smaller porosities and pressures, its final 
value was independent of them* In the pre- 
sent tests $f was 30,5®, and the critical poro-?. 
sity varied from 41 per cent* under a normal 
pressure of i t/ft.2 to 43i per cent, under 
4 t/ft*2. Similarly the ultimate value 
(Pig. 6 lower curves) increased with smaller 
porosities and pressures, idiile the final value 
6f was Independ^t and was found to be 18*5^* 
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FIG.2 



** equal to tidth 



Failure of Footing at Deptji equal to 6 times 
•Vidth (Test noa 2S). 
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Failure Zone below Surface Footing 
(Test no. 4'9)e 


FIG.5 


FIG.3 
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filiation of ajjglea of Internal and akin friction 
and Tertical pressure. 


FIG.6 

In general^ tand^ i tan ^ for the same poros- 
ity and normal pressure* 

AgALTSIS OF RBSOLTS OF LOADING TESIS * 

A comparison by the author 8) of differ- 
ent theories of bearing capacity of shallow 
foundations indicated that Frandtl's (logarilh- 
mic spiral) method 9) was the most promising. 
Prandtl assumed that the footing edges form the 
centres of the spiral portions of the fall\ire 
surface* This assumption does not give Idie mi- 
nimum bearing capacity for sesids so that such 
mathematical analyses 10) » 11 )| 12) yield un- 
safe results* Terzagihi suggested 13) that these 
centres should be determined by a graphical 
trial and error method along a line inclined at 
an angle of 45® -i/2 to the horizontal (Flg.7a) 
the corresponding analytical determination of 
the hearing capacity is summarized in the Ap- 
pendix and leads to a rather involved closed 
expression from which the coefficients in co- 
lumn 2 of Table 2 have been computed* 



a* Analysis with zero 
shear strength of 
overburden. 
q«|(blly + z Ha'i 


b* Analysis with skin 
friction and shear 
atren^h of overburden* 
q - jflbjrN +(z+p/jr)Hql-^F/b 


Analysis of bearing capacity. 
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The above mentioned values do not, how- 
evK*, represent the worst failure condition « 
for which the centres of rotation should not 
be restricted to a line* In this way the lower 
coefficients in column 3 of Table 2 were ob- 
tained together with the width and depth of the 
failure surfaces* While the difference between 
the previous and new values is small at low 
angles of internal friction, it increases ra- 
pidly to about 20 per cent, at § = 50<5. 

It is somewhat difficult to compare the 
results of the present tests on surface foot- 
ings with the theoretical values because f 
varies with the normal pressure along the fail- 
ure surface* When an allowance is made for the 
proportion of the total resistance developed 
by the various zones of plastic equilibrium, 
the average normal .pressure along the failure 
surface is of the order of 1/lOth of the ap- 
plied average foundation pressure (45®<i<46®) 
For that pressure (about o.i t/ft per Inch width 
of footing) and the average porosity used (37 
per cent*;, Fig* 6 indicates an average of 
460, giving an ultimate bearing ce^aci'^ by the 
modified analysis of = 0*75 t/ft* per inch 
width of footing. This value is in good agree- 
ment with ^e average experimental result of 
0*82 t/ft**^* The average observed final bear- 
ing capacity = 0*38 t/ft.2 i4iich corres- 
ponds to =4^.3® is practically the same 
as that obtained from subsidiary loading tests 
on the sand in the plastic zone* Although these 
tests showed that the shearing action occurred 


TABIE 2 


^eoretic al Bearing Capacity and Failure Surface 
{Base Angle y = 45® 


Angle of 
Internal 

Bearing Capacity 
Coefficient 

Failure Surface 
(modified Analysis) 


Equation 1 

Modified 

Analysis 

Width 

Depth 

eUZb 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

0 

0.05 

0*6 

1.8 

4.9 

11.1 

24.0 

51.8 

128 

355 

1800 

0 

0.05 

0.6 

1.8 

4.8 

10.7 

22.9 

48.4 

116 

305 
' 1455 

1.0 

1.1 

1.2 

1.4 

1.7 

2.2 

3.0 

4.1 

4.6 

8.0 

12 

0.71 

0.72 

0.74 

0.78 

0.86 

1.0 

1.15 

1.4 

1.7 

2.2 

3.1 
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throQ^out that sone, it appeared to he of a 
partial and progressive nature at different 
points* as compared with the simultaneous fail* 
we along the idiole rupture plane in the hoz 
shear tests* which gave the much lower Of = 

30# 5®# OJhe observed maximm depth and width of 
the failure surface for strip footings were 
about 2/3rd of the tlworetical values for a 
base angle v|/ ^ 45® + */2 • Since in the prelimin- 
ary tests footings of different roughnesses 
showed sensibly the same failure surface* the 
corresponding variation of the base angle sug* 
gested by Terzaghi 13) is not supported by 
this investigation, but the discrepancy must 
be sou^t in the theory, which neglects the ef- 
fect of the weight of the soil on the shape and 
extent of the failure surface. 

The experimental ultimate and average fin- 
al bearing capacities per unit width of foot- 
ing are plotted in Pig. 8 against the ratio of 
depth to width of footing (z/2b). In spite of 
some scatter of the results, which is largely 
due to variations in porosity of the sand, the 
bearing capacities increase in direct propor- 
tion with the footing depth within the range 
investigated. These relations can, with good 
approximation, be expressed by . 

(1 + 1.4a/b) and qf =qof.(l + 1.2z/b) for the 
ultimate and final bearing capacities, respect- 
ively. There was a tendency for the ultimate 
bearing capacities of square footings to be 
rather less than those of rectangular ones, 
particularly at ground level TsSiere the ratio 
of the coirre spending values was 0.7* The ratio 
of final to ultimate bearing capacity decreas- 
ed a little with Increasing footing depth and 
averaged O.4. 

A theoretical estimate of the bearing ca- 
pacity of shallow footings can be made for the 
limiting conditions of zero and full shear 
strength of the sand above foundation level. In 
the first case a methematical solution (14) 
(Appendix equation 2) is available from ihich 
the ultimate end final bearing capacities are 
q^ = qou-(l + 0.442/b) and q^ = q^f (1 + 0.49«/b) 



Bearing capeelty. Depfth relations. 

FIG.8 


respectively, for and #f * 41.5®, ihich 

would be the upper limits for the hl^er bear- 
ing pressures ootained. These relations have 
been plotted in Fig. 6 (curves II) and idien 
compared with the test results show that the 
observed effect of foundation depth is about 
three times the theoretical one. The shear 
strenght of the overburden cannot, therefore 
reasonably be neglected, even for very shallow 
foundations. 

Assuming that the skin friction on the 
footing and the shear strength along vertical 
ends of the failure surface are fully mobilized, 
an approximate analysis can be made on the basis 
of Terzaghi* 8 method I3) (Appendix equation 3)« 
Preliminary Investigation of skin friction in 
conjunction with the shear test results indic- 
ated that nearly the full passive pressure is 
effective, i.e. K© = = 5*03 for = 45® 

and 4.4 for = 41*5®. distance (-E) of 

the assumed vertical part of the failure sur- 
face froig the footing edge can be estimated 
from the observed movements of the sand mass. 

The experimental ratio of maximum failure sur- 
face width (at ^und level) to footing width 
is plotted in Fig* 9 against length/width ratio 
(a/b) of the footings. These curves show that 
for a given foundation depth the failure sur- 
face width increases with footing len^h at a 
decreasing rate, and approaches a maximum for 
a long strip; for a/b> 6 this increase appears 
to be small. Further, Fig. 10, which has beezi 
obtained from these curves and Table 1* shows 
that for a given ratio a/b the failure surface 
width (tg) is directly proportional to the foot- 
ing depth (z), and that for a long strip this 
relation approximates to Zo = 8b + 3*- At 
depths gre&Mer than those investigated a maxi- 
mum Zq seemed to be reached, while later no 
failure surface at all developed at ground 
level (e.g. for the deepest square footings 
tested) o^ng to the small shear stresses in- 
duced there. Since neither depth nor width (f,) 
of this STirface at base level were appreciably 
affected by footing depth, i.e. Zt^ ob for a 
long strip, dn average distance = 

8b + l,5z may be taken as a rou^ approxima- 
tion. 

The upper theoretical curves (I) of Fig.8 
have been cOTiputed from the above results for 



Bsiation of failure 
of footing. 


surface width and length 

FIG.9 
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the ultimate and final bearing capacities# 
iVhile the rate of increase of the bearing ca- 
pacities with footing depth agree closely with 
that observed in both cases « the estimated va- 
lues are conservative, particularly for the 
ultimate condition# This under-estimation may 
be due to the neglect of greater skin friction 
and shear resistance near base level caused by 
the foundation stresses $ furthermore, the de- 
formation conditions there might allow the 
passive pressure ratio to be exceeded locally# 

CONCLDSION , 

The present model tests show that the ul- 
timate bearing capacity of footings on the sur- 
face of dry sand agree fairly well with the 
theoretical value for the worst failure condit- 
ion and ultimate shear strenght of the soil.The 
final bearing capacity is considerably greater 
than that estimated from the final shear 
strength, probably owing to partial progressive 
failure with a limited relative movement of the 
particles. The width of the failure surface at 
ground level increases with footing length to 
a maximum for a long strip when it is less than 
the value predicted by the modified analysis# 

Wh^e the bearing capacities of shallow 
foundations are about three times greater than 
the values estimated on the assumption of zero 
shear strength of the overburden, they agree 
fairly well if the maximum skin friction and 
full shear strength above base level along a 
vertical failure plane at the mean observed 
distance from the footing edge are Included. 
Although the extent of the failure surface va- 
ries considerably with bearing areas of differ- 
ent shai)es, the corresponding bearing capacities 
appear to differ mainly^ for foundations at the 
surface and at very shallow depths# 


Scientific and Industrial Besearch, and the pa- 
per Is TOblished by permission of the Director 

of Building Research# 
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APPENDIX . 

Analyses of the Bearing Capacity of a Strip 
Footing on Sand . 

1) Load at Ground Level (Fig. 7a with z = 0) 
wken the bearing capacity is q, the plaspic 
equilibrium to the left of the footing centre 
is found by balancing the moments about 0 (on 
CA produced and defined by angle 6 between CO 
and the vertical) of the overturning resultant 
Po on AB and the resisting sector ABC (force 
Wi) and wedges ACE (W2) and CDE (Pi). 

Thus 

Trtiere , M^=W^x^ , and 

Omitting details of the analysis and using 
the notation illustrated in Fig# 7, it can be 
shown that 
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The worst 6 is found hy solving ^*^5^0*0, liiich 
has been done for two special cases i- 

i) i(/=45” + i when 

2 3 3 


and 2} 


when e=!=— = (8*- i 
5 5 


fiy substituting either of thebe equations 
into the general eq^tion of the bearing capa- 
city above f it can oe simplified a lit^e* 

2) load at Depth z below Ground Level 
a) ^0 shear strength of overburden (Flg« 7a) 
q=)r(vN,^2N^) (2j 


and B= 


cot y-tan0 
cot«+tan0 


Substituting the above into the eqTillibrium 
equation simplifying i 

q=yUNy {,) 

ton y r 

where the expansion of 0 being 

’ 0 

tony f/cosa+sinacotu/ (AE^+^*&)iani V 2 

' -cc^.l-.tane]^. 

anfllcotl] 

COS0 / 


where W) n j270%§-2<,)ton # 

^ cosy tan « 

. ^2 man 4 I 

.. N scotoce for y=45%l 

^ 2 
and .£?!!L«(270*-4)tanf 


cos 4 


for y=4 




tony 

(cofa + cotyp ( 

(od«+tan8)® 

[(9ton*4+^)co*^® » 


^[3ton 4eoso(-5infl£] 


+3tan4siii8 + cod0| 


2cQ3 4 

coa («+ y- 4)/^ y-tan 8 V 

9stn y 

sin or Icotor+tanGl/ 


“b) Full skin friction and shear strength of 
overburden (Pig^ 7b) 

The bearing capacity is increased from the 
value of equation (2J by the skin friction F on 
the footing and the average surcharge pressure 
p due to F and the shear strength o along the 
vertical part D»G of the failure Surface, 


Hence q»y 




( 3 ) 


where < 


r=K^tan6j^Z^ 

S= K,tan4lyz^ 
P + S 


k and K are the 


earth pressure coefficients at the footing side 
and vertical part of the failure surface i res- 
pectively. 


—O— 0—0— 0—0^0— 
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SECTION III 

yTieT.n THVKsyTfiA«PT«fa 

SUB-SECTION III a 

BQRIgG AND SAMPLIMG 


llial 


ynCTJ) TESTS WITH f(S9 CCMBIHBl) UjAPIMG TBST SAMS^L3f ^ HARBOUR SgPEMSION IKXBX. 

A, MORTSirsmr, Harbour Bnglneor 
Aalborg y Denmarlc 


SUMMARY * 

In heterogenaous samples from deep waterf llled borings bbe porewater may migrate from 
sandy to clayey parts of the sample and sandy samples may be lost in the casing or damaged dur- 
ing the lifting operations or shipment due to lack of capillary pressure* 

E new combined loading test sampler with short piston rod for undisturbed sampling in co- 
hesive soils and for test loading f . inst. in cohesionless soils is described* 

The measured values for shear • Xg (skin friction on outside of cylinder y and vertical 
soil pressure 4 Cv » i^ uniform heavy— textured late glacial clay with thin layers of sand (Yoldia 
clay), in heterogeneous glacial chalky clay and in chalk are compared with results from sample 
tests in the field and on the laboratory. ^ ..-c 

The average values for all tests of the relation between T»and OO, lespectively, and the 
natural soil pressure (geo static soil pressure ■ weight less buoyancy) 

*E(y'- l).Ah (Ah is the stratum thickness) were for Yoldia clay: 


? 2 

= 0.5 + 0,5 Pj^ kg/ cm for Pjj< 1 kg/ cm 

Tgj = 0,3 + 0,2 . Pj^ - - ^ 

<r^ = 12,5 + 7,4 . p| - - Pn> 1 - 


average for 
169 samples 
from 40 hec- 
tars harbour 
exteixslon area 


for glacial clays 

= 0,5 + 0,5 . P^ kg/cm^ for p^> 1 kg/cm ) 
cr^ = 12 + 45 . - - Pj^> 1 - J (sam. area) 


Longitudinal stction. 



Plan of harbour extension With longil^idlaal and cross section* 


FIG.1 
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IBmODtIOTIOH i 

On a ooaat stretch of 1^3 lag, (flg.l) 
plans wore In 1943-*4>5 prepared for the extens- 
ion of Aalborg Harbour with 3 basslns outside 
the coastline. Old wash borings (73) with dry 
sampling to 15 m depth in 21 lines perpendic* 
ular to the coast gawe by indlTldual judgement 
the result, that the bottom consisted of solid 
clay of good bearing capacity but from later 
pile-driTing results suspicion arose about the 
reliability of these results, fhe borings were 
then supplemented by 37 new borings to until 
40 m depth with undisturbed ssj^les (1,5 - 2 m 
Intervflds for determination of the shear 
strength and other' soil properties, but in 
order to eliminate errors from changes in pres- 
sure end consistency It was decided simulta- 
neously to carry out loading tests just below 
the casing shoe. 

A combined loading teat sampler was con- 
structed - flg.2 - 


C3 

yKniU 

i / I" 1 r 


1 


^CoHgrs 










D 

'til 




o 


yi® 


Shipment 

container 


t 


A Casing 
B Wash pipe 
C ftovabia top piece 
D Spring lock 
B Sampler top piece 
f Biade spring lock 
G Piston rod 
H Cgiinderm liner 
J Piston 
H Piston ring 
L Culling ed$e 
ft Screw lid 
N Rubber plate 
0 Field containers 


Sampler 


Oomhined seoqpler and loading tests cylinder 

FIG, 2 

with a abort piston, lodced in bottom position 
by a helical spring lock H, idxlch may by re- 
leased by sinking a lead suspended In a string 
down on the top of a tubular top piece C. When 
loading the top spring the two lo^ levers D« 
are pulled back from the lock grooves in the 
top piece through the two slots in the top 
pipe and idsa piston is then released and reedy 
for aampling. 


After the sampler is filled (40 cm) two 
blade springs S. lock the piston in uroer 
position, because an enlargement of the piston 
rod G. passes between the two blade springs. 

When the casing has been brought down to 
the wanted depth, the sampler Is screwed on 
the wash pipe and sunk down to rest on the bot- 
tom of the borings (fig. 3 a). To the casing 
top is fastened a collar with a lever knife 
with a downwards turning edge, movable by a 
helical screw, and to the wash pipe is fixed 
a collar with an upwards turning knife edge 
(fig. 2} A 2 m lever with movable lead is used 
to press the sampler 2 - 5 cni down into the 
soil. The lever la kept level by turning the 
helical screw and moving the lead simultaneous- 
ly. Corresponding values of load and depifess- 
lon are read on the lever scale and on the 
screw scale. When the initial static point 
resistance, Pr, thus has been determined - 
fig. 3 a a c - the piston is released and the 
sampler by the lever pressed 40 cm down until 
the blade springs are heard locking the piston 
in upper position. The lever is then turned 
opposite and the sampler withdrawn. The cor- 
responding values of the pulling force and 
the lift are measured, and the static skin 
friction, Sv, determined - fig. 3 b & c. The 
sampler is then brought up and the sample 
taken out for field and laboratory testa. 



The loading test skin friction, tg, is 
compared with the following field testa on 
samples under capillary pressure: 

1) soring scale cone test by which the cone 
load, Kflc, for a lu lia steady impress of a 
60^ steel cone in a sample in natural state is 
measured on the spring scale. The drop cone 
weight, Kx, is the cone load, that gives a 
10 mm imprint after a 10 mm drop. The forftier 
(size of a fountain pen) is practical for 
field testing, and the relation between 
and Kx Is for Toldia-clay Kg^ : K3 ■ 2,3 and 
for glacial chalky clay Kg- t K3 - 1,4. 

denotes in the same way the drop cone wel^t, 
when the clay structure has been broken by 
kneading without change in natural water con- 
tent. The ratio K3 t Ki is for Yoldla-clay 2,1 
and for hetereogeneoua glacial clay about the 
same value but ranging between wider limits. 

The relation between £3 and the ultimate shear 
stress, Tg^, due to the capillary pressure 
(pe) was round to be: 
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for Yoldia-clay 
glacial challcy clay 


^’Z5~ \0 
^ ^<c K, 


dlaaeter and I tHe length screwed Into the 
saaple* The cork screw shear value was the saae 
as hy the quick shear test or sli^tlj hl^er. 
Ihe sane result was obtained 4) by pulling a 
model or in;irr^piie (d « 5 »■} out of a clay 
sample in acoSOTner. 



Quick shear test. 

FIG. 4 


result, that the shear value, Cq corresponding 
to the capillary pressure (in Toldia-clay 
same as the geostatic pressure pn) could be 
determined from the oy - Cn graph - fig, 4 b- 
as the apparent cohesion, 1 ^zdmum value, (Po, 
for the angle of internal friction, (p , was 
found by turning the sample 43<3 and varying 
the vertical pressure* Generally cpo was found 
on or near the upper limitqp (Tq In upper part 
of cross hatched section,) for aandy and chal- 
ky clay was practically foundtf o «qp and 
Tq:*c^(rtgq) as in Casagrande ^ear testa* 

For some of the samples t further was 
controlled by 3) cork screw testa e the shear, 
tc, corresponding to the capillary pressure ^ , 
was determined byte • P $ where P is the 
TTST 

pull In the cork screw, d is the outside screw 



Model of Mini -pile test 

FIG. 5 


The point resistance, cTy, found by the 
loading tesbs, was checked by the Mini-Pile 
tests as the initial point resistance in 2-3 cm 
depth or as the drop in pressure (Tc - fig. 5 - 
when the pile breaks through the sample X con- 
solidated point resistance). The ratio c(: 0 / 
for a Ulni-File is a measure for the consolid- 
ation during the penetration of a pile. 

In fig. 6 a is given the average ta'Pn ~ 
graph in Yoldia-clay for the relation between 
the soil pressure «E(i'-l). 4 h and the 
shear , determined by average curves for 
1) loading test tj , 2) spring scale cone tests, 
kie/10 , and 3) quick shear testa, Cg, each 
determined from about 200 uniform tests re- 
sults in homogeneous Yoldia-clay* The average 
shear value corresponds to the straight line 
Te • 0,5 + 0,5 Pn kg/ cm2 for pn<l kg/cml and 
Td ■ 0,8 + 0,2 pn kg/ cm2 for Pn> 1 kg/cm^ and 
seems also to include same clay type outside 
the new harbour area - cf. testa results for 
tp in fig. 6 b from a quay 1000 m from the 
investigated’ area. The point resistance found 
by loading tests and Mini-piles gave for the 
harbour extension eirea the average value » 
12,5 + 7,4 p^ kg/ cm2 for the quay in 

question O'” - 12,5 + 9|2 pf kg/cm^. 

This late glacial Yoldia-clay has 50 It - 
70 % grains less than 0,002 mm, specific grav- 
ity 1,92, voids ratio / - 0,95, coefficient 
of permeability k»3.IO“^ cm/mln and for cr« 

1 kg/ cm2 <^26 confined compression modulus 
of elasticity * 40 - 80 kg/cm2. 

The grain aise decreases with the water depth 
and above water is the Yoldia-clay wery sandy 





-\ Yol^ia tta 




^ ^ 7 . 1 1 I , I i I ij 

^ f.tt U (/-f}f}*^/cj^ 

(a) “ttr Pq graplx (determined from all teats a 

T.,k«AO and c ) "^3 - Pn 250m quay 

“I Ayerage Tj^ “» Pjj graph (a) and teat results 

from a quay on Tol4ia-clay lOOO m away (b). 

FIG. 6 

(50 % over 0,05 nua). 

For a chalky glacial clay with 10-20 % , ^ , . , - 

grains less than 0,002 mm (50 % over 0 0'S /-y • y i // J "i ^ — ! — FT — 

apecinc gravity 2,23, voiarratio t ^6%, 

k * 5,l(r cm/mln, E2 * iOO - 200 kg/cm^ the f ^ "I l~-F— — 

^earta was found ta « 0,5 + 0,5*P„ t H ^-t 

-cf,^ig,7). and the average point resist- ^ ^ i-j ^ i ^ 

^ce U 9 , » 12 > 45, Pa kg/ cm2, Individ - _ | t ' P 

UjUtest results are here more spread due to ' ' ^ ^ . 

the heterogeneous character of glacial cl ay^° — 

and the varying capillary pressure, and this ^ . 1 ^ - P^_ 

applies still more to chalk, where K/Kj is (c _i . , 4- - [ 

^8 “ and - |- i-Up i 

_i.. j^-.-_|- -f i 

In clay types with high fragmental con- 7 ~~ 7 &L ^ 

tent - as chalky glacial clay - an onion-shap- ^ ^ 

ea consolidated body is formed under the load- Average r n -pnys - -1 ^ 

ing test sampler as under piles, and an in- ^ testa in glacial chalky claj 

point resistance thereby produc- p,^ 

Bd. ihia important soil property for piles rllv. / 


(5 lo 

Average for testa in glacial chalky clay 

FIG. 7 


TAELS I 
FIELD TESTS 


Boring 1234 
Febiniary 1946 


same day 


depth 

m 

Toldia- 

clay 

with 

sand 

layers. 

' 1.98 

fine lay 

2.93 1 

thick - ! 

4,45 1 

- - 

6,12 

few & 
fine lay 

8,40 

thick - 

10,0 

« 

13*97 

few 

thinner 

layers 

15.72 

- 


.42 51 

.8 30 


n days later 


0,8 1,0 

5*0 2,1 

0,6 1,0 


Loss A w 
in W % 
water 
cont ent 
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TABIfl II 



Field tests. 





Laboratory tests, Copenhagen 

• 


Boring 

depth 

Late gla- 
cial Tol- 
dla-clay. 

K ° 
sc 

quick 

shear 

tests 

1 

t/j^ 

g 

after 

days 

K ^ 

sc 

quick 

shear 

test 

I 

I 

1046 

- 7,94 

thin sand 
layers 

5,5 

0,60 

1,97 

25,2 

8 

'^.8 

(U,2) 

1,58 

2,04 

2,63 

- 

-16,54 

^ M ^ 

8,0 

0,60 

1,91 

31 

8 

2,7 

(6,3) 

0,51 

0,79 

0,64 

- 

-18,65 


8,0 

1,00 

1,96 

30,1 

9 


10 

1,73 

1,25 

1.73 

1248 

-16,35 

Toldiaclay 


0,30 

1,91 

30,9 

8 

4,3 

10 

1,50 

5,00 

5,00 

- 

-19,60 

- 

H 

0,70 

1,93 

31,8 

- 

5.7 

13 

1,65 

2,17 

2,36 

- 

-23,31 

Heavy Tenet- 
vu?e 

11,0 

0,85 

1,98 

33,7 

- 

6,1 

14 

1,66 

1,28 

1,96 

1048 

-17,70 

traces of 
sand 

8,5 

0,68 

1,93 

31,1 

9 

5,‘^ 

(12,7) 

1,79 

1,50 

2,65 


-19,96 

Spots sand 
& chalk 

10 

0,74 

1,92 

30.7 

22 

6,15 

(14,3) 

1,70 

1,^ 

2,30 

- 

-21,78 

homogeneous 

10 

0,48 

1,91 

32,1 

- 

6,95 

(16,2) 

2,56 

1.62 

5,36 


-23,60 

many thin 
sand layr 
era. 

i 

11 

0,31 

1,99 

31,8 

Av 

4,9 

erage 

(11.3) 

1,52 

1.03 

1,81 

4,90 

2,56 


may be determined by cone testa in the upper 
part of a loading test sample, where the cone 
weight Kgg in chalJcy clay may be increased 
with 50 - 100%, gradually decreasing to the 
normal value in a depth of abt, 4 x the point 
diameter, and ordinary tests should only be 
taken from the lower 15 cm of the sample. 

The loading tests in Toldia-clay give 
very uniform results and only in greater depth 
are the loading test results slightly higher 
than the cone and quick shear saii^le tests, 
probably due to insufficient capillary press- 
ure on the samples to develop the natural 
pressure from overlying wei^t. The importance 
of testing the samples as soon as possible — 
even in tight containers with rubber cushions 
between the lids and the container - was con- 
firmed by repeating the cone tests (K^c) and 
quick shear tests C Cq andq? ) 5 to 11 days 
later - of table I - and by comparing the 
field tests with laboratory teats 8-22 days 
later - table 2 » The greater changes in table 
2 may be due to damage during ^ipment of con- 
tainers and difference in testing outfit and 
procedure, but in both tables are found cases 
of drying out and cases of migration of pore- 
water from sandy layers to clayey parts of the 
sample, ^ich is the most common cause to a 
decrease in shear strength of a heterogeneous 
sample. 

In glacial chalky clay the loading test 
results are lower than the cone and quick 
shear teat results, which for the shear value 
may be explained by the fact, that ^ile there 
In Yoldia-clay always is found a thin clay 
skin on the outside of the sampler, this is 
not the case in glacial chalky clay. In frag- 
mental soil is proMsed to weld a helical 
groin on the outside cylinder surface and in 
order to prevent loosing samples is proposed 
to surround the wash pipe with a rubber collar 


near the sampler. 

CONCLUSION . 

The described loading test is simple, 
speedy and reliable and gives 1) the skin 
friction and point resistance under actual 
conditions without depending on a certain cap- 
illary pressure, 2) samples of test loaded 
soil (upper sample) for investigation of con- 
solidation and 3) undisturbed soil sample 
(lower part). 

The shear stress is for each sample 
determined as an average of 1) a loading test 
and 2) 8 - 10 sample teats (spiing-cone, quick 
shear. Mini-pile and cork screw tests) imme- 
diately after it has been brought up. The 
vertical soil stress is found as an average 
of a loading test and a Mini-pile-test. 

In heavy-textured homogeneous Yoldia-clay 
the deviations of the individual tests from 
Pn 0^ - pn - curves are insign- 
ificant. The stresses increase uniformly down- 
wards with the weight and the curves are 
generally parallel to the average curves 
V ^ borings in the area. 


uumparing une inaiviouai tests with T 
and crS and these again with tg and oh, errors 
are eliminated and important historic inform- 
ations about the clay (earlier overburden. dis- 
turbances etc.) obtained. 

In chalky glacial clay and in chalk same 
procedure is used, but the deviations are 
^eater due to the inhomogeneous character, 
but the loading teat results may here replace 
lost or insufficient samples. 

^e loading test results were found more 
reliable than the other field tests and these- 
the shear tests - again more reli- 
able th^ Laboratory testa a week or more later 
due to drying out or migration of porewater. 


- 0 - 0 - 0 - 0 - 0 - 0 - 


mm 
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III a 2 


mRACTCat ? 0 R TAKING DISTaRBBD SAMPLBS IH HARD GROlfflD 
OLBG WAG£H 

IThe Boyal Swedish Qeoteobnical Institute 


In this paper a nee extractor is describ- 
ed by means of which V617 long and almost 
continuous disturbed samples can be tahen 
qulcdt^ In hard pconni. ^ , 

Ihe extractor consists of a series of Im 
long tubes, joined by screwed muffs , flush 
with the tubes, fig. 1. '^’he wall t hi c k neae of 
the tubes is very considerable. Bach tube is 


cut open longitudinally in the foim of a 
along the idiole length excepting at the exxds. 
A small lip ie welded along one side of the 
slot, fig. 2 . In order to permit connecting 
up of the tubes flats for a spanner are mach- 
ined on them towards the ends. I'he muffs are 
made of special steel in order to be esjual in 
strength with the tubes, in spite of their 



Ck>nnection between tidbes 

FIG.l 



FIG. 2 

smell wall thickness. The extractor is made 
with a removable point at its lower end. 

■rfhen the extractor is driven down, the 
empty tube space is occupied by a aeries of 
rode, screwed together. After the depth re- 
quired has been reached, the rods are with- 
drawn, use being made of a jack if necessary. 
After that the extractor is rotated, so that 
soil is forced into it by the action of the 
lips and then it is withdrawn. The soil is re- 
moved from the extractor as far as possible in 
one piece and gives a good picture of the soil 
strata. , . ^ » 

5?he extractor is intended to be used 
specially in very hard grounds, containing 
sand and gravel. It has shown great ability 
to penetrate such grounds and has been fre- 
quently used in order to ascertain whether or 
not clay is present in a gravel esker. 


.O-KJ-O-O-O-O- 
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III a 3 


COHCSBHIHG JHB EHISICAL ISOfggfiaS (g CLttS 
BilfH K. TASm 

PrctoasoT of Soil Mochanlcs-Purduo ItelTarsilgr 


It is the writer's purpose to present dsts tbe qppllontloa of oMk 
that will Indicate the eneeta of saaple disturb- was thou raaoTsd froa load.ionA 

anoe on the stress-strain and consolidation char- of 2.25 tons nor 15 ^ inortZ* 

aoteristlcs of inoiganlo clays and to present was coipletSly inlls4iri!L“!?^ Plaffi' 
data t^t will show how the natural water con- was conducted inessantiwivS test, which 


data that will show how tha natural water eoi 
tent of an apparently bonogeneoua deposit of 
soli may be ei^ected to vary with depth. To 
these endSf the results of field loading tests 
are compared with the results of unconfined com- 
pression tests of specimens prepared from test 
pit and ^re^ole samples of soil similar to 
that subjected to the field loading tests. The 
aata obtained from consolidation tests of spe- 
fd prepared from saiaplee obtain- 

d by thrae different saispliag tachniaues are 
compared, and data obtaS^m dSled 'in^ 

Wlations in natural water 
content are presented. wsuer 

tion QoBpnny’a^^irf 

Concrete Pile Heymond 


gSHPiBIS Ofl Qg baia OBTAtjied mou gTETT^ 
lOADlNS TSSTS Awn TiwP QsmjEn m»poi-ooT ^„ 
Ji§Tg_gf mi PIT Pno.. .H0i^ SAWPT..« 

A, Description of Tests. 

s.'mS 

“ unconfined comoresaion 

r!.HT 

tleaent of thr^ate «» »! clay. The set- 
difl «ase that Sas luppo^^enr! 

Of Pi^ft the“le?’ 

si^'sis ss-sl: *■>'“' 52 *;..- 

flanged fittSg. ^ screwed into a 

tons was ohtaineron the^piatfo™ 2^^^*^ 

-snt Of the pad was re^ordW^^n^Jls^Ill'r 


t^; n«t 

fwt hslow that at which the fir,? ^ 

were ohtaiaed%y*’^Ji|^lly®e ?®^*eat , saapieg 
cubes of uodistirb^wrrf^i^^SF oae-foot 
jacent to the loaded areas region ad- 

flion tests were perfozmied on soAft-f comprea^ 
ed from these sMples, hawing 
ratio of 2 to 2-1/2. ^ * ^®^ii-dlamster 

»hen exploratory borings were made at 
tMa site, samples of this stratum of hard 

i.a li 

means of a 185 lb .weight dropping 30 inches 

^e tests were perf^ed 

pared from samples obtained in ^ 

B. ' Interpretation of data. 

average settlement of a uniformly 

surface of a semi- 
isotropic mass due to 
the el^tlc deformation of the mass ia «■*- 
pressed by the following equatio^ 1 ® 

S - 0.95 (l-p*).-^.b fll 

wherein * ^ 

H « Poisson's ratio 
P - intSMity of pressure 
? * elasticity 

" * width of loaded area 


S - L. • 


12) 


wherein 

Cowpa^^^u]:???^ a)*^::d7lf“?t“-is 

on the sur?Se “ f sISi-Sf “®* 
la equal to axial defo^^i“^|® “«« 

equivalent t^O this^qui^eS 

is loaded, is slastleTTn^ *if* *** “aas, which' 
depth equ4l to rtllLri w5°fS“®®"® * 

of the loaded aMa^ it*i«'i«f ?m*®^**** '^^Ith 
a reaaonaWe et^te of 
from surface load^est data by'utiUaSa®*''®^ 

o. 5 riT^o;;n‘'?® 
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Stress* strain curves 

FIG.1 


nated "Load Test Ho, ;i", $ba aodulua oT aXaa* 
tieitj z; for the Halting TaXuaa of POlMon% 
ratio and correapondlng to tlia albpo of ^ 
Initial position of the atreaa*atreln our7»i 
for both testa are ahoim in Tiible X« 

file aodull of elsBtloltT as deteralned 
from the nneonflned coapreaslon tests prepay 
fTM the hand-cut test pit saaples are 
rlaed in Sable 2 and the streaa*strmin curre 
obtained from test Ho. 3, tdiich is tTplcalf Is 
shoim in Figure X, 


She data obtained from the specimens pre- 
pared from the bore-hole saaples are tabulated 
in Table ^ and the stress-strain curre obtained 
from test Ho. 2, which is tjrpicaly is also aham 
In Fig. 1. 


The data tabulated in Tables 1, 2, and 3 
and the topical curves shown In Fig. 1 indic- 
ate the effects on the stress-strain charac- 
teristics of a soil that are due to sample 
disturbance. By comparing the moduli of elas- 
ticity obtained from the so-called "undisturb- 
ed" bore-hole samples with those obtained from 
the remolded specimens of the test pit samp- 

x) The term "modulus of elasticity" is 

used herein to describe the resistance that 
a material offers to deformation. It is 
specifically defined as the slope of the 
linear portion of the stress-strain curve. 
The term "modulus of deformation" would be 
more appropriate to describe this property 
of a material but the term "modulus of elas- 
ticity" is retained because of its general 
acceptance in other fields of civil engin- 
eering. 


TABLE I 


Moduli of Elasticity Obtained from Loading Testa 


Test 

Humber 

Poisson's Ratio = 0 

Poisson's Ratio = O .3 

1 

220 tons per square foot 

165 "tons per square foot 

2 

240 tons ner square foot 

180 tons ner square foot 

Average 

230 tons per square foot 

173 tons per square foot 


TABLE II 


Moduli of Elasticity Obtained from TJnconfined Compression Tests of 
Specimens Prepared from Test Pit Samples 


Test 

Number 

Area of 
Specimen 
sq. in. 

"Undisturbed" 
Specimen 
tons per sq. ft. 

Remoulded 

Specimen 
tons per sq. ft. 

1 

1.64 

58 


2 

1.67 

58 

23 

3 

6.20 

53 

25 

4 

6.16 

84 

17 

5 

1.75 

51 

"^30 

6 

2.34 i 

58 

7 I 

1.27 ! 

85 1 


8 

1.35 

53 


Average 


65 

26 
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TABIS III 


Moduli of Slastlclty Obtalxied from Uncozsflned Compression Tests of 


Specimens I^epared from Bore-Hole Samples 


Test 

Number 

Area of Specimen 
sq* in* 

**nndl8turbed"STOclmen 
tons per sq. rt. 

1 

6*00 

12 

2 

2.62 

21 

-3 

2*82 

18 

Average 


17 


les it is evident that the bore-hole method 
of sampling completely disturbed the safl^les. 
It is to be noted that the limiting values of 
the moduli of elasticity obtained from the 
field loading tests are equal to 3 to 4 times 
the average of the modulus of elasticity ob- 
tained from the test pit samples and 10 to 14 
times that obtained from the bore-hole samples. 
Thus, the elastic deformations of such a mass 
as co^uted from the modulus of elasticity ob- 
tained from unconfined compression tests would 
not be even approximately correct. 


II. OQMPiHISOM OF OOHSOLIDATION DATA gSDM 
SAUPTJK nw^TWMT ) BY THRSE DIFPERBHT 
BAMPL IMG 

1. Description of Methods of Obtaining 

Samples. 

In 1936, 19^1 and 1941, samples of Bos- 
ton Blue Clay were obtained by "undisturbed** 
sampling methods at three different locations 
within the Boston Basin. The geologic profile 
is essentially the same at all locations. The 
methods of sampling, however, were in ea^ 
case different due to improvements that were 
made in smipling techniques during this period. 

In 193^1 the samples were obtained by a 
soil sampler designed by Casagrande, Mohr, and 
Rutledge 2). This saiqiler had a core barrel 
2 feet in length, an internal diameter of 
4.76 inches, and an area ratio ratio za> of 
44 percent r A sample was obtained by ramming 
this aaapler a distance of 2 feet into a 
bore-hola. Due to the large area ratio of this 
. saltier and the method of advancing it, the 
samples suffered considerable dlaturbanee. 

In 193flf « nsw type of sampler developed 
by H.A. Mohr xb^ was used. This sa^>ler 
an over-all length of 9 ft. 2 in. that pro- 
vided space for five one-foot removable liner 
sections approximately 4 inches in diameter 
and a two-foot section on top of the liner 
sections to serve as a reservoir for cuttings 
and shavings* The cutting edge section of thja 
sampler waa provided with four flep valves 
that prevanted loss of the saaqple during the 
withdrawal operation. The area ratio of this 
saipler waa the same as that used In 1936* 

To minimise disturbance, this sampler was ad- 

xa) The area ratio is definad as the ratio of 
the croes-aectionaX area of a sampler at 
its largest section minus the area of the 
opening . througli which the sao^le enters to 
the area of the opening through i^ch the 
sample enters* It is thus a measure of the 
amount of soil that must be displaced by 
the walls of the saopler. Thus the smaller 
the area ratio the less is the disturbance 

to the sample* 

ib^ loc. cit* Ref. 2, p. 36. 


vanced slowly in a cased bore^sole by jacking 
with levers* 

In the latest saiq^ling operatioiH,a 
Shelby Tube of aaiiq>ler xc) developed by fi.A. 
Mohr was used. Tubes 3 inches in diameter, 18 
gage wall thickness and from 3*1/4 to 3 feet 
in length were used. The ends of these tubes 
were sharpened end turned in silently so as 
to provide a small inaide clearance. The area 
ratio was equal to 8 to 9 percent. A ample 
was obtained by advancing the tube in a quick, 
contimious motion by a block and tackle system 
reacting against the casing. Laboratory in- 
spection of these samples ii^cated that thay 
were less disturbed than those chained by 
the two methods described previously. 

B. Interpretation of Data* 

Sieve n consolidation tests were perform- 
ed on specimens prepared from the 1936 sai^Xes, 
33 fxom those obtained in 1930 and 24 from 
those obtained in 1941* The original water 
content, the original void ratio, ao, and the 
compression index, Ces xd) of each sample was 
determined from these tests. 

The relation between the original( natur- 
al) water content and the physical constants, 
which describe the consolidation characterls- 
tlca of a soil, as eiqpressed by the ratio 

Cq/( 1 + e^), is shown in J?ig, 2. Sach point in 

this figure represents the data obtedned from 
one consolidation test. Three different symtolB 
are used to distinguish the data obtained from 
the three different series of samples. The sym- 
bols In each case are connected by straight 
lines to differentiate the data more clearly. 

The broken line representing the data ob- 
tained from the 1936 8a]iq>Xe8, which were con- 
siderably more disturbed than those obtained 
in 1938 and 1941, shows the smallest change in 

the ratio 0^/(1 + e^) with respect to the nat- 
ural water content, Rutledge 3) found that tlm 
compression index obtained from remolded spe- 
cimens (coiiq>letely disturbed) is smaller than 
that obtained from an undisturbed specimen of 
the same soil. It is also known that, in gen- 
eral, the higher the natural water content of 
a clay, the greater will be the difference be- 
tween the consistency when undisturbed as com- 
pared to the consistency when remolded. It is 
not sui^rising therefore, that the effects of 
disturbance to the samples, suggested by the 

difference in the values of C^Al + e^) for a 

c 0 


xc) loc. cit. Ref. 2, p.44. 

xd) ^e coa^ression index is deflnied as the 
slope of the linear portion of the void 
ratio vs. log of pressure curve: 

®1 “ 

■ log i >2 - log Pi 
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given water content Increases as the natural 
water content increases. 

It can be seen from Fig. 2 that the range 
In values of 0^/{l * e^) obtained from samples 

having approximately the same water content Is 
such that the ratio of the value of 0^/(1 + e^) 

for the least disturbed sample to that of the 
most disturbed sample is in no case greater than 
2 to 1. 

It Is to be noted, therefore, that the ef- 
fects of disturbance on the consolidation char- 
acteristics of a clay, as eoqpressed by the ratio 
Cc/(1 + 8^ small as compared with the ef- 

fects of disturbance on the stress-strain pro- 
perties. It is also to be noted that the ex- 
treme range in values of the ratio 0^/(1 + e^^) 

obtained from these samples of inorganic clay 
subjected to varying degrees of disturbance and 
having natural water contents ranging from 22 
percent to 3^ percent is approximately 0.10 to 
0.35. 

Ill, VABIAIIONS IN ffAlUHAh WATfiR OONTiiNT IK A 

OUY DEPOSIT . 

A detailed examination of the variations 
in natural water content in a clay deposit was 
made from bore-hole samples obtained at the site 
of the New England Ifutual Life Insurance Com- 
pany Building. The samples were obtained by 
means of a Shelby Tube type of seapler. 3*i/^ 
inches in diameter end 4 to 5 feet in length. 
The sampler was driven by means of a 140 Ib« 
weight falling 30 inches. Samples were taken as 
continuously as possible. 

later content determinations ware laade of 
^ach i inch length of these saaples as soon as 
^cy were received in the laboratory. Typical 
vacations in water content within a 12-inch 
length of aa^le are shown in Fig. 3« A summaxy 
of- all tests made in this manner, approximately 


WtMM Hiimt CBWTlWf fW IWTWI 


3 : 




m 








Variations in natural water contents 

FIG. 3 

1.400, Is shown in Fig. 4. The maximum and min- 
imum water contents found in each X2-iach length 
of sample ar6 shown by the extremities of the 
horizontal lines in this figure. The average 
water content for each section Is represented 
by a small circle. ^ 

This detailed examination showed extreme 
variations in natural water contents of from 
19*8 percent to ^9*5 percent within a single 
12-ineh length of sample. The average water con- 
tent obtained from each 12-inch length of sam- 
ple ranged from 19.4 percent to 49.0 percent 
and the aggregate average of all samples tested 
was approximately 37 percent. 

Many of the samples tested appeared homo- 
geneous and uniform in their undisturbed con- 
dition. Yet, the variations in water content 
in some of these samples were found to be sur- 
prisingly great. 

Since many of the physical properties of 
clays are related to the natural water con- 
tent, it is evident that extreme care must be 
exercised in evaluating the overall pertormsoce 
characteristics of a given clay deposit. 

It. gmniABY ASP COBGLaSIOHS . 

1« From a comparative study of the results of 
field loading tests and unconfined compres- 
sion tests of specimens prepared from test pit 
and boreWiole sasqples of a hard, yellow, in- 
organic clay stratum similar to that subject- 
ed to the fxeld loading tests, it was found 
that the modulus of elasticity determined from 
the field loading tests was equal to from 3 
to 4 times that obtained from the test pit 
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if'ariationa in natural water content .B^tre- 
ait lea of eacli horlaontal line repreaent 
■axiBcaa and nlnlwua water contents In a 
12 Inch length of aaaple, 

0 repreaenta aYerage of 46 water content deter- 
mlnatlona for each 12 inch length of sanqple* 

FIG. 4 

aaaples and 10 to 14 times that obtained from 
the bore-^ole saaplea. It is evident, therefore^ 
that the stress-strain characteristics of clay- 
like soils are extreaely sensitive to disturb- 
ance. Since some disturbance is inevitable in 
the operations of sampling and in the prepa- 
ration of test apeciaens for unoonfined com- 
preaaion teats, the elastic deformation of a 
aasa of si^ soil cosputed from the moduli of 
elasticity obtained from such tests will not 
bd even approziaately correct. 

2. 1 comparison of the results of 66 consolid- 
ation tests performed on specimens prepar- 
ed from samples of inorganic clay were 
obtained by th^e different sai^llng techniiiybes, 
in which the three series of samples were sub- 
jected to different degrees of disturbance, 
showed: 


a. that the consolidation characteristics of 
clays of high natural water content are 

more sensitive to the effects of disturbance 
than axe those of low natural water content. 

b. that the range in values of the consolid- 
ation charaetaristles as stressed by the 

ratio e^) obtained from bore-hole 

samples having approximately the seme water 
content is such that the ratio of the value 
of Ce/(1 * ep) for the least dlstuibed sample 
to that of the most disturbed sai^le is in no 
case greater than 2 to I. Therefore, the ef- 
fects of disturbance on the consolidation 
characteristics as ei^ressed by the ratio 
C^(l Cq). era small as compared with the 
erfeots or distuxbance on the atress-strain 
properties, and 

c. that the extreme range in values of the 
ratio Cc/(1 ^ Oq) obtained from these 

samples, which were subjected to varying de- 
grees of disturbance and which had natural 
water contents ranging from 22 percent to 34 
percent, is approadEmately 0.10 to 0.33« 

3. A detailed investigation of the variations 
in natural water content of a clay deposit, 
epproximately 60 feet in thickness, shoved: 

a. extreme variations of from 19*6 percent 
to 39*3 percent within a single 12-inch 

length of sample. 

b. variations in the average water content 
obtained from each 12-inch length of samp- 
le rangixig from 19.4 percent to 49.0 percent, 
and 

c« no consistent variation with depth. 

It was observed, furthermore, that even 
those clay samples that appeared homogeneous 
had large variations in water content. There- 
fore, It is isperative that extreme care be 
exercised in evaluating the over-all perform- 
ance characteristics of a given clay deposit 
by means of laboratory test data. 
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IffPEODtfOTIOE . 

ahen inweatie&ting ground conditions, it 
would he useful to he able to extract long 
continuous cores of soil with undisturbed 
structure. If howeyer, for this purpose an 
ordinary tube is driven down into the soil, 
it appears that the tube owing to friction 
and ai^esion on its inside to a certain ex- 
tent drags the core, thus formed, with it 
downwards. This means that part of the soil 
mass immediately bezreath the mouth of the tube 
Is diverted Instead of caught by the mouth. 
This tendency is stronger, the softer the 
soil beneath the mouth Is and the harder and 
longer the core already formed. Consequently, 
the natural soil layers will ^pear in the 
core with a thidcness, which is reduced to an 
unknown degree, and with a structure, which 
is disturbed to an \mknown extent. On the 
ahole, in most soils only very short cores, 
i.e* samples, can be obtained in this way. 

In order to reduce the friction and ad- 
hesion between the tube and the core, the bibe 
usually has a small "clearance", i.e. the in- 
ner diameter Is a little less at the lower 
end of the tube than in the rest of it; fur- 
ther, as proposed by Hvorslev, the tube is 
forced down by one single rapid drive. Ohdis- 
tuibed sawples of a maximum length (as far as 
we know) of 1,6 m have thus been taken in co- 
hesive soils. Whether the same measures have 
any effect in cohesion-less soils, we do not 
know. 


PRlNCIPia OF TBB CCBB-Eia?RACTQR . 

According to the method, described In 
this paper, the errors and difficulties caus- 
ed by friction and adhesion between core and 
tube are eliminated by "insulating” the core 
from the tube by means of a number of thin 
axially running metal strips or foils, the 
upper ends of which are fastened to a piston, 
which is placed in the tube above the core 
and by mAfinis of a rod is attached . to a driv- 
ing scaffold on the soil surface* During the 
driving of the tube sliding occurs between 
the tube end the foils; friction thus produc- 
ed causes a pulling force in the foils and 
their anchorage but does not affect the core. 
If for some reason the core should tend to 
move downwards or upwards, this movement is 
immediately prevented by friction and adheaicn, 
which in su(^ case arise between foils and 
core. Friction and adhesion, which hitherto 
were the main causes of all troubles, are In 
this way turned into useful agents, which 
compel each soil layer to keep its original 
tblc^ess and structure unchanged on its way 
into the tube. 

The lower part of the extractor is 
double-walled and serves as a magasine for 
the foils, being stored in a roll* Within the 
magasine each foil runs from its boll down- 
wards to a horizontal slot, arranged in the 
inner wall at the bottom of the magazine. 

Here the foil runs through the slot and then 
in between the core and the wall, idiere it 
continues upwards to the piston. 


DBTAILS . 

The inner diameter of the core-extiiactor 
is epproxlmately 68 mm. Sixteen foils, each 
12,5 mm broad, are used, together covering 
very nearly the whole circumference of the 
core. The roils axe mostly made of soft iron, 
hard^rolled. Foils made from hardened steel 
have also been used with good result; these 
have a higher strength but will rust more 
easily. Foil thicknesses between 0,10 and 0,0k 
mm have been tried with good result. The max- 
imum length of foil, that can be stored in 
each roll in the magazine, varies according 
to the thickness between 20 and 40 m. 

In order to limit the maximum outer dia- 
meter of the extractor as much as possible, 
the foil rolls are placed, as can m seen on 
fig. 1, in four different stories, the axis 



Core-extractor taken to pieces* 


FIG.1 

of each roll being radially directed. Each 
roll is placed In a recess In the thi<dc inner 
wall (as visible also in fig. 5) kept in 
place by a vertical bar. Badh foil on its way 
downw^ds from the roll to the slot is twist- 
ed 90 ® by means of guide slots, visible in 
fig, 2. (In fig. 3 the foils are shown only 
In the rolls.) 

Below the magazine the extractor is ex- 
tended downwards a certain distance, as shown 
in fig, 3, Here it is single-walled, the wall 
thickness being as small as advisable wibb 
regard to the strength. It ends in a thin and 
sharp steel cutting edge, kept in place by a 
threaded ring. By virtue of its shape the edge 
can easily be very well hardened. It is inex- 
pensive a]^ easily changed. 

The outer wall is divided into an upper 
and a lower part* the former being kept in 
position by the latter, which is attached to 
the inner wall by four screws. The part below 
the magazine is screwed to the outer wall. 
Thus, by unscrewing the four screws and re- 
moving the outer wall, the rolls and foils 
are easily and quickly made accesslhle. 

The inner wall Is screwed to the single- 
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Inner wall with toll rolls and twisted foils 




Core- extractor asseabled* 


FIG. 2 




Core-extractor in elevation, longitnoinaX 
section and cross section. 

FIG. 3 

walled tube above the magazine « This tube 
consists of 2,5 n long sections, connected by 
coupling-boxes, which are so made, that they 
can be removed by dividing longitudinally* 

Thus the sections of the tube can be taken 
apart without being turned in relation to each 
other. 

The piston is seen on the left of fig* 1. 
The upper ends of the foils are wedged secure- 
ly to it by means of a conical ring, visible 
halfway up on the piston. On its upj^r end 
the piston is provided with such arrangements, 
that it can be fixed in its lowest position 
relative to the extractor. In this position 
the lower end of the piston covers the lower 
mouth of the extractor, as seen in fig* 4, so 
that if desired the extractor can be driven 
down into the ground without producing any 
core. When the depth has been reached, where 
core-extraction is to begin, the rod. provid- 
ed with a ^ecial catch, is lowered in the 
tube until it engages tbe head on top of the 
piston, visible in fig* 1 and 4* The piston 
is thereby released from the extractor and 
attached to the rod, which Is then clamped to 
the driving scaffold, the lower mouth of the 
extractor Ming thus freed to admit the core. 

A provisional driving scaffold, used so 
far, Is seen in fig* 5* ^be driving force is 
produced by two chain-jacks, and the reaction 
force is taken by four screw-shaped soil an- 
chors* (When the photo was taken, a thin 
chain was used Instead of a rod for anchoring 
the piston to the scaffold*) A much better 
type of driving scaffold, mounted on a cart, 
is under construction* 


STEBSSBS IK THE COBB . 

If a tube without foils is driven down 
into clcy, downward directed shear stresses 
are tranudtted by adhesion from the tube to 
the core* These stresses increase the vertlc 


FIG 4 



DrlvlJig scaffold* 


FIG. 5 

al normal stress in the core, so that at any 
given dmth it will be greater than the stress 
outside the tube (at some distance from it). 
This difference increases with the driving 
depth, until no more soil can enter the tube. 

^y introducing the foils tbe core is 
protected from shear stresses, so that its 
stresses are reduced to equal those outside 
the tube* Because of the norisontal pressure 
from the clay on the foils, friction arises 
between the foils and the tube, causing a 
pulling force in the foils. As long as tbe 
depth is moderate, the foils can withstand 
this pulling force, but if very great depths 
are reached, the foils may break* (Probably 
the friction between the foils and the tube 
is reduced to some extent by remolded clay, 
coming from the core, but on tbe other hand 
some adhesion may i^^ar*) 

In order to r^uce the pulling force in 
the foils a clearance la arranged in the core- 
extractor. amounting to a few thousandths of 
its diameter, i.e. essentially less than re- 
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cOBSended by HvorsleT. In ^oxder to secure 
contact and adbesloa between the core and the 
foils* the clearance begins only at a certain 
distance above the slot in the Inner vail, 

Ohe clearance can reduce the horisontal 
pressure in the core considerably, only if 
the core adheres to the foils* so that the 
vertical pressure decreases* If the adhesion 
between the core and the foils exceeds 0*003 
kg/cB^* as it usually does* the entire 
of the core can hang on the foils* so that 
all stresses in the core becoite extremely 
saalX* In this borderline case there is no 
friction between the foils and the tube* and 
the foils need sustain the weight of the core 
only* 

The pressure in the core must decrease 
from a certain value in the lover mouth of 
the extractor to a smaller value in the sec- 
tion, where the clearance begins* This de- 
crease is effectuated mainly by adhesion and 
fricti.on on the core between said sections. 

A length of this pressure-decreasing part of 
2-^ times the inner diameter should do in 
clay* according to our experience so far. 

When extracting cores from sand ground, 
the influence of the foils and of the clears 
ance upon the stresses in the core is still 
more pronounced than described above. 

Vithout foils the increase of the normal 
stresses in the core, caused by the friction 
from the tube, leads in its turn to an in- 
crease of the friction. This phenomenon is 
the reverse of the silo-effect and can be cal- 
culated in a corresponding way. It appears, 
that the stresses in the core increase enorm- 
ously with the depth so that only very short 
cores, or rather samples, can be taken. 

By introducing the foils the downward 
directed friction on the core is eliminated. 
Consequently the reversed silo-effect vanish- 
es* so that the stresses inside the tube are 
reduced to the same values as outside It. 

When in addition clearance is introduced, 
upward directed friction arises on the core. 
Thus the ordinary silo-effect comes into play 
reducing all stresses in the core to very low 
values. 

DISCUSSION . 

The rather considerable wall thickness 
of the core-e^ractor in cross section through 
the magazine may seem open to objection. How- 
ever, according to our experience so far the 
distance from the magazine to the cutting 
edge is great enough to prevent the magazine 
from affecting the soli below the edge. The 
distance can easily be made still longer, if 
need be. Another model of the core-extractor, 
seen in fig, 6, is of extremely slender shape. 



Special core-extractor for soft soil 
and small depth* 


FIG. 6 

and the foils are extended almost to the cut- 
ting edge. This model was made for softer 
ground and snmiller d^th than the robust model 
described above. 

During the last two years a great number 
of cores have been taken by the core-eztract-br 


in all kinds of soils varying from fat 
Olay to coarse sand. Practically all cores 
seemed to be quite undisturbed* It may be 
mentioned, that the core-extractor is used 
now in Ceochronology, which deals with count- 
ing and measuring the thin layers of the 
varved clay in such an accural way* that up 
to now no sampler but only open shafts could 
be used* 

The longest core so far was slightly 
above 20 m. Pig. 7 shows a core* 10 m long, 



Core of clay 10 m long. 


FIG. 7 

resting in a wooden groove. Every core longer 
than 3 ill is 'divided, when being lifted out of 
the ground, into sections of 5 m (or 2,5 m if 
desired) by removing the coupling-boxes and 
cutting the foils and the coi*e. Such cores 
as are to be sent to the laboratory, are fur- 
nished with a cap and a seal on each end of 
the tube. The core is taken out of the tube 
by pulling the foils at one end of the tube. 
After it has been examined, recorded* photo- 
gr^hed etc, representative samples for la- 
boratory tests are cut out of its different 
layers. 

Obviously a continuous core as described 
in this paper, gives a much better conception 
of the ground than any number of samples. Ex- 
tracting one core, reaching from the soil sur- 
face to a given depth, needs less time and 
less work than taking one sample at each two 
metres down to the same depth. Even if some- 
times one does not wish to take continuous 
cores from the surface to the firm ground, it 
may be of great help to be able to take cores 
of say 5 m len^h in order to be sure, of ob- 
taining samples of certain layers which are 
of special interest. 

In very liard soils, rthere the driving of 
the core-extractor ia difficult, a casing may 
be used and the soil, entering the inter- 
space between the extractor and the casing, 
removed by jetting or otherwise. Hitherto 
ramming has been used in hard soils; the ex- 
tractor and the foils have proved resistant 
to this hard treatment, and the cores have 
^own no sign of disturbance. 
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A core-catcher can eaelly be arranged 
in coablnation with the laagazine. So far it 
wafi not found necessazy. 

SOMCAHr , 

The report deals with a quite new tTpe 
of soil investigation device, called core-ex- 


tractor* This device oahes it possible to 
tahe very long continuous and undisturbed 
cores fzoa any soil finer than gravel and not 
too hard. The extractor is described in prin- 
ciple and in detail. The stress system in the 
core during the driving of the extractor is 
analysed. Sxperience of the device, gained so 
far, is discussed. 
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SUB-SECTION III b 

MEASUREMENTS OF SPECIAL SOIL PROPERTIES 


III b 1 

PERMEABILITY OF PEAT BY WATER 

IB • J • L • A . CUP&BU5 
Netherland Railways 

Obtaining a better insight Into the behavioiar of soft peat, when a load of sand is brought to 
hear into it, by previously determining the permeability of the peat hy water with a suitable 


apparatus. 


When In tract of land, cons! sting of 
soft peat, a road or a dihe is constructed 
or •* with some other end in view - a load of 
sand is brought to bear, the water in the 
peat comes under pressure and under this 
pressure the water is driven out into and 
outside the marginal region of the load. 

When In 1938 an experimental section 
was executed in behalf of the strengthening 
of the railway between Utrecht and Rotterdam 
near Gouda, it has been found, that disturb- 
ance of equi librium occurs at a certain ex- 
cess water pressure in that marginal region, 
in consequence of iriilch extensive slidings 
of earth have taken place. 

In the above-mentioned case (I) the con- 
dition was as indicated in fig. 1. 

At that place the railway was situated 
in a tract of very soft peat and it had to he 
strengthened because of inadmissible sub- 
sidences. 1) 

The existing ditches beside the track 
were dredged out to 2.50 m beneath the level 
of the ground water. Subsequently sand was 
dumped into the ditches and after these had 
been completely filled up to the level of the 
surrounding area, they were heightened still 


further. When the heightening had reached 
about 2 m above the level of the ground water, 
a sliding took place (vide fig. 

At the commencement of this disturbance 
of equilibrium the excess pressure of the 
water in the pores In the marginal region of 
the load (point A) corresponded to a water 
pressure of about I.50 m. 2) 

During .the farther execution of the 
strengtheninig of the road-bed about 8 km east 
of the above-mentioned e^erimental section 
in a similar tract of land near Oudewater, 
(case II) an effort was also made to press 
away the soft layers of peat under the dump- 
ed sand, however, without any success. Even 
when heightening up to 3.50 m above the 
ground water no disturbance of equilibrium 
took place. 

for the difference in behaviour three 
csEuses may be indicated: 

1) Difference of thickness of the layer of 
peat. 

2) Difference In the proportion of resist- 
ance of the peat. 

3) Difference in the permeability of the 
peat by water. 


I 

13 m 13' 
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FIG. 2 a 


1, DIgF£RJEWC.E- IN THIOgSBSS OF THE LAYER Q? 

pm . 

In case II the firm soil under the layer 
of peat lay considerably higher than in case 
!♦ One might imagine that this was the cause 
ia consequence of idiich the disturbance of 
equilibrium failed to occur in case II. 

The equilibrium computation executed in 
both cases I however, showed that in case I 
as well as in case II, despite the differ- 
ence in situation of the planes of sliding a 
resistance against sliding of 0*7 ton/sq.m 
was necessary to retain equilibrium (fig* 1 
and fig. 5). 


3) , it appeared, that in both tracts the 

peat had to be considered equivalent in ap- 
pearance and properties of resistance, so 
that this cause also failed to explain the 
difference in behaviour. 


3. DIPg£Ri!iNC£ IN P£RM£ABILITY OP TEK PEAT 
BY WAT£R . 

As the difference in behaviour, when ap- 
plying entirely equal methods of execution, 
could not be explained from i^at was describ- 
ed under 1 and 2, a third possihility was 
considered, via, that in case I the pressing 
away of water took place with a lower velo- 
city than in case II. 

In the first case the excess pressure 
in the water of the pores mi^t soon have 
reached the critical height ( 1.50 a) by in- 
sufficient flowing out, and disturbance of 
equilibrium might have occurred, which act- 
ually did happen. 

In the second case flowing out of water 
under excess pressure might already have 
taken place to some extend immediately after 
the load had been brought to bear. The solid 
phase might have been more speedily adapted 
to the load and the resistance against slid- 
ing of the soil might have been increased 
sooner, simultaneously with compression of 
the soil. 

In order to ascertain this the permeab- 
ility by water of the peat was examined in 
both places. 

This might have happened by taking un- 
disturbed samples and by determining the per- 
meability by water in a laboratory, but in 
that case one would have had to restrict one- 
self to a few points because of the expense. 


n 


-13 m: 



2. DIPPBRMC£ IN THJS PROPERTIES OP RESIST- 
AgCJB OP THE P£AI . 

Prom the borings as well as from the 
sounding tests with the Barentsen apparatus 


That is why an apparatus was constructed witli 
which the permeability by water of the soil 
might be determined in the field in a simple 
and swift manner. The values found with it 
were relatively applicable. 











FIGJb 
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FIG. 8 


the mantle tube, the top of which is places 
at an equal level with the surface of the 
ground water, a glass tube (e) is attached 
by means of a cock coupling (f). The glass 
tube is open at the top. While the cock (f) 
is closed the glass tube now is filled up to 
a height of 1.42 m above the surface of the 
ground water. Behind the glass tube a scale 
has been fitted. 

Now the cock (f) is opened and the read- 
ing of time is taken with a chronometer. 

Every minute the level of the column of water 
is read till the glass tube is empty and the 
observations which have been found are noted 
in a graph (vide fig. 5)» As the relative 
value for the permeability by water, the 
wperficies is taken of- the figure enclosed 
oy curve and axes, and expressed in the di- 
mension cm. min. 

At the aforesaid points of the railway, 
^ 29.400 (Gouda; case I and km 
tl.300 (Oudewater) case II (fig, 6) a number of 
measurements were carried out with this ap- 
® little outside the newly dug ditch, 
^1 the measurements were carried out twice 
nt the same places. Apart from a single ex- 


ception the duplicates gave practically the 
same results as the first measurements. In 
the graphs of fig. 7 a and h the average 
values between first and second readings 
have been drawn with different types of lines. 
Moreover the total average value of all firsb 
end second readings has been indicated in ttm 
graph by a heavy line. 

Near km 29.400 (I) 16 measurements aad 
near km 21.300 (11) 6 measurements were car- 
ried out. 

The reason for the great number of tnea- - 
surements near km 29.400 was to be found in 
the fact that the investigation at that place 
showed a considerable spreading of results. 
The presence of remains of wood and of veget- 
able fibre in the immediate neighbourhood of 
the filter will probably have strongly influ- 
enced the local permeability of the peat by 
water. Therefore it is imperative to choose 
a greater or smaller number of measurements, 
dependent on the local constitution of the 
soil, in order to obtain a reliable average 
value. 

As a matter of fact, when comparing the 
results of the measurements I ap- 
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peared that there waa a considerable differ- 
ence between the average values fx * 5000 oa 
Iff In and Fxi ” ^75 cn^nin. that is to saj that 
there was an liq>ortant difference in the per- 
meability by water of the two samples of peat. 

The greater permeability by water of the 
peat near IX will probably have been the 
cause that the disturbance of equilibrium 
which had been expected at the outset dit not 
take place. 

Further another 10 measurements were 
carried out near 3ca 31.730 of this railway 
CIII) where strengthening of the road-bed 
must be executed in the central part of the 
town of Gouda* 4) 

From the values Fjxi « 143 cm. min (fig. 8) 
found in this case III it appears that the 
kind of peat in this region has a good per- 
meabllity, which enables the stren^hening 
of this section of the railway to be very 
simple and inexpensive. 

OONCLUSION . 

Carrying out measurements of permeab- 


ility by water with the apparatus as describ- 
ed above in peat at any place is possible 
without great expense and will clear the in- 
sight into the behaviour which may be expect- 
ed of the liquid phase end therefore of the 
soil as a whole f when a load is brought to 
bear onto it. 

As to how far measiirements In clay and 
sand soils may have practical significance 
should be investigated further. 


1} Vide the author's article under section 
VIII. 

2 ) For further particulars concerning the 
execution of this experimental section near 
Gouda we refer to the author's publication 
' in **de Ingenieur" of 1947 nos. 26 and 2?. 

5) Vide Proceedings of the International Con- 
ference on Soil Mechanics I936 Vol* I page 7). 
4) Vide the author's article on this subject 
in section VIJI. 
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SIMPIiE FIELD TESTS FOit SOILS 

A.H. GAWITHf M.C.B.y A.M.I.B.Aust. 

Bngineer for Tests, Country Hoads Board of Victoria 
Melbourne, Australia 


1. Owing to the differences in soils encoun- 
tered over a length of roadway it is not 

possible to perfom the more elaborate soil 
tests on all the variations encountered. It 
is necessary to use those tests which give 
the greatest return of information for the 
least expenditure of time and labour in test- 
ing. Further, it is desirable that there 
should be established a system of tests which 
can be done by relatively unskilled operators, 
with a minimum of equipment, and which bear 
a known relation to the more difficult tests. 

2. The simple linear shrinkage test has been 
used and provided that the mould is filled 

at a definite moisture content, e.g, either 
the Field Moisture Equivalent or the Liquid 
Limit, reproducible results are obtainable. 
The mould can be of ai^ convenient length, 
e.g, 10 inches or 20 centimetres, and cross 


section, and may be formed by splitting a 
piece of 1 inch internal diameter tube long- 
itudinally sgid attaching end pieces. 

The soil, sieved through a No, 36 B.S. 
(No, 40 tl.S. ) sieve is brou^t to the Liquid 
Limit by the addition of water, the consist- 
ency being checked by the hand liquid limit 
test, CA.S.T.M. D423-39)t but the actual 
moisture content is not determined. The mould 
is filled, struck off level, and then allowed 
to dry in air ovemight and then In an oven. 
The percentage reduction of length of the 
soil pat is measured. Results of experiments 
with 282 samples of soils indicate that the 
test can be used to give an indication of the 
liquid limit and plasticity index. Regression 
equations fitted hy the method of least squa- 
res to the means of arrays of linear shrinkage 
are shown in Table 1. 

TABLE 1 


Percentage of 
all tests in 
which(a) or(b) 
occurs 


(a) Actual Plasticity 
Index will exceed 


(b) Actual Liquid Limit 
will exceed 


1 % 


lOf^ 


P.I 

P.I 

P.I 


= 3.08(LS) 
= 2.74CLS) 
= 2.61(LS) 


+ 

+ 


3.6 

2.8 

2.3 


L.L. 

L.L. 

L.L. 


30.5 + 3.11(1^) 

26.4 + 2.87(LS} 
23.9 + 2.81(LS) 


50p 


P.I. 


2.34(LS^ - 0.49 


L.L. = 15.5 4 2.71(LS) 


9O5& 

93% 

99% 


P.I. = 2.03(IiS) - 2.9 
P.I. = 1.96(18) - 3.7 
P.I, s 1.58(18) - 4.3 


L.L. * 7.2 + 2.59(LS) 
L.L. = 4.7 + 2.54(LS> 
L.L. s 0.2 ♦ 2.34(18) 
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5. in analsrsls was made of the results of 
tests on 533 saaples of soils which had 
been tested bj the Highways end Local Goyem- 
aent pepartaent of South Australia, :por these 
saaples the linear shrinkage test had been 
carried out on aaterlal passing the Ko. 7 


T - logarithm of California Bearing Ratio 
linear shrinkage from the liquid limit 
on material passing Ho, 56 B,S. sieve 
Xp* percentage passing No, 36 B,S. sieve 
Xxm percentage passing No. ? B.S. sieve 
X^« percentage passing No. 200 B.S, sieve 


TABLE II 


Regression equation 

Correlation 

Coefficient 

Standard error 
of estimate of Y 

1 . T = 1.99-0.04aXi-0.0009Xo+ 



-O.OOJUj-O.OOlS^ 

0.732 

0.241 

2. T = 2 . 00 - 0 , 042 X 1 - 0 . 0074 X 2 + 



-0,0021X^ 

0.732 

0.241 

3. T = 2.06-0.046Xj^-0.0074X2 

0.724 

0.243 

4. T = 1.44-0.052Xj^ 

-0,656 

0.265 


(No, 8 U.S.) sieve and California Bearing 
Ratio tests at 100 per cent of standard A, A, 
S.H,0, compaction had also been performed, 

A correlation coefficient of -0,797 was 
found between linear shrinkage and the loga- 
rithm of the California Bearing Ratio, the 
regression equation being 
log. (C,B,R. ) - 1,68 - 0.085 (Linear Shrink- 
age) with standard error of estimate 0,25. 

The results of sieve analyses of these soils 
were not available. 

4-. There were available the results of tests 
on 159 sanqplea of soil on which the Cali- 
fornia Bearing Ratio test at 93 per cent of 
Modified A.A.S.H.O, compaction had been pei^ 
formed, as well as linear shrinkage tests on 
the material passing No, 36 B.S. (No, 40 U.S.) 
sieve, and sieve analyses on the No, 7, No. 

36 and No. 200 B.S. sieves. These results 
were examined by the method of linear mul- 
tiple correlation axid the regression equa- 
tions, correlation coefficients and standaid 
errors of estimates are shown in Table 2, 
where 


The percentage passing the No, 36 sieve 
(X 2 ) ^<1 little effect on the estimate and 
equation 2. was used as the basis of an 
eaignicent chart for estimating the California. 
Bearing Ratio, 

5. It is realized that the California Bear- 
ing Ratio test is not in itself an entire- 
ly satisfactory hasls for estimating the re- 
lations of the simpler tests to the actual 
stability of the soil. Further, the methods 
of statistical analysis used have been relat- 
ively simple and the work is now being ex- 
tended to an examination of multiple curvi- 
linear correlations between various tests, 
particularly with regard to the effect of the 
proportions of various particle sizes, in 
which case there is evidence that the relat- 
ionship is not linear, 

6. The objects of this Investigation have 
been, 

a) to obtain information of Immediate value 
in the centrol of works in the field. 

b) to establish relations between test meth- 
ods preparatory to carrying out a field 

examixxation of pavement thicknesses and their 
relation to soil, traffic and climate. 


-o-o-o-o-o-o- 
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determination in situ of the shear strength of undisturbed clat 

BT MEANS OF A ROTATING AUGER 
LYMAN CARI^ON 

The Royal Swedish Geotechnical Institute 


gfBDDDCTIQN . 

The shear strength of clay is usually 
determined in the laboratory from samples 
taken from different depths of the ground. 

In Sweden the investigation is generally car- 
ried out by means of unconfined ebn^assion 
teat or cone test. Usually the ahear strength, 
thus obtained, increases only slightly with 
the depth under tl^ surface of the ground. 

It Is oftan smaller* than tha "real** strength, 


calculated from slides that have occurred in 
the same soil. This discrepancy may depend 
partly on disturbance of the aaaple caused by 
the sampler, partly on changes in the sarnie 
due to decrease of pressure when the sample 
is extracted. The decrease op pressure is 
likely to have a considerable effect on the 
results as pointed out by S. Odenstand. 1} 

These errors can never be entirely elimin- 
ated when the .investigation is carried out on 



extracted samples* IThe ooly possibility of 
avoiding them, especially the latter one, is 
to determine the shear 8t3?ength directly in 
the ground* Such a method whereby both errors 
are practically eliminated, is being develop- 
ed at The Royal Swedish Geotechnical Institute, 
and is described below* The eiperlments are 
still in an early stage, but the method, as 
now can be Judged, seems full of promise. 

Similar experiments are said to have been 
performed in Sweden by professor Carl Forssell 
and in Germany by Deutsche Forschungsgeaellschaft 
fUr Bodenmechanik (Degebo). But as far as is 
known they seem not to have taken due consider- 
ation to the sensitivity of the clay to distur- 
bance* 

TttiB TESTING APPARATUS AND ITS MfiTHOD OP AP^ 
FLICATIOH * 

In this early stage of the eiqperiments 
the apparatus was constructed in a very 
simple manner* Essentially it consists of 
arts from the Swedish piston sampler 2) «na 
he Swedish sounding auger. 3) 

The apparatus is shown in fig. 1, At its 





lower end It consists of a rotating tool made 
up of a steelshaft on which four thin rect- 
angular wings are welded. The tool is lengthen- 
ed upwards by means of suitable extension rods, 
each one metre long. The whole rod is surroui^ 
•d by a easing pipe also in one metre sec- 
tions. The shaft of the tool has such a 
length above the wings, that when the tool is 
in the position shown in fig. 1, the wings 


will be in clay, which is not disturbed by the 
casing-pipe. Thanks to its thinness the tool 
itself does not appreciably disturb the clay 
to be tested* 

The sections of the casing-pipe are join- 
ed by coupling-boxes, some of irtiich are fur- 
nished with guide-plates for the turning' rod. 
The shaft of the rotating tool ia centred at 
its lower end by means of a bush fitted to the 
lower coupling-box. A protractor is mounted 
on the upper coupling-box which is located in 
position by means of a set -screw. At the same 
coupling-box a turning handle rests on a bear- 
ing. The turning rod is furnished with a 
on ^nbich a pointer, for reading the protrac- 
tor, is fastened. The lever is connected with 
the turning handle by means of two spring 
balances, so that iriien the turning handle is 
rotated, torsional moment is transmitted to 
the lever. 

The apparatus is driven down into the 
ground by pressure or ramming. Before this 
procedure the turning handle, the uppermost 
coupling-box, and the parts attached to it are 
removed. In order to be protected while beixig 
driven down, tbb rotating tool is lifted, so 
that the wings rest againet the lowest coupl- 
ing-box. 

When the soil la^r to be tested is 
reached, the parts which were removed, are 
reassembled, and the rotating tool is pushed 
down to its lower position. The test proper 
is then carried out as follows (shown in fig. 
2). The turning handle is turned at such a 



The testing apparatus during oparation. 


FIG. 2 

speed, that the velocity of the lever, con- 
trolled by means of a watch and the protactoi^ 
is kept constant. The forces, indicated by the 
spring balances, are noted at certain time in- 
tervals and,- when the maximum readings are 
registered, the turning is stopped. 

The apparatus is then driven down to the 
testing depth, and the procedure is re- 
peated. 


mPS OF THE SURFACE OF RUPTUpE . 

Some simple experiments have been made 
in order to study the shape of the surface of 
awpture which is produced, when the tool is 
turned in clay. 

A rotatizig tool with two wings was driven 
^to clay soil, and turned until the maxifflum 
forces had been registered; then the turning 
was stopped, and the tool withdrasn. The piece 


of cl 87 in which the tool had been turned waa 
excavated, and when it was cut at right angle 
to the previous direction of the axis of^e 
rotating tool, a fairly clear surface of rup~ 
ture was seen* Fig* 3 shows such a piece of 
excavated cla 7 * As seen in the figure, the 
clay apems to have ruptured along a surface 
with oval, almost circular cross-section* 



A piece of excavedcclay in wich the turning 
tool has operated' 


FIG. 3 

INFLUfiNCF OF TURNING VELOCITY * 

In order to study the influence of the 
turning velocity of the lever on the maximum 
torsional moment, investigations have been 
carried out with different velocities but with 
the same rotating tool and in the same clay* 
Tests have been made at different depths, and 
all depths have given results similar in 
character. Fig. A shows a typical result. As 
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torsional moment at different turning 
velocities for a rotating tool with two wings, 

FIG. 4 

seen in. the figure, the maximum moment de- 
creases, as the velocity decreases. A velo- 
city corresponding to actual cases may now be 
chosen and used in the tests* 


367 

In reality clay is generally loaded very 
slowly, so that a turning velocity approxim- 
ating sero would correspond best to reality* 
For practical reasons however, it is impos- 
sible to use an infinitesimal velocity, par- 
ticularly if the turiiing is to be done by 
hand. The velocity 0,1 degree per second 
seems in such case to be a practical lower 
limit, azid for this reason this velocity has 
been chosen. In fig. 4 the maximum torsional 
moment at this velocity only slightly exceeds 
the moment obtained by extending the curve to 
aero. In ell tests carried out up to now this 
difference seems to be less than 5 ^ of the 
maximum moment at the velocity of zevo, 

OAIOULATION of THJB SrfEAff 

When loaded the spring balances extend, 
causing the moment arm to vary with the load. 
In order to calculate the real torsional mo- 
ment (M.) in the turning rod, a cori*ectioa for 
the variation of the moment arm is introduced. 
With- designations as in fig, 3 then 

M ■ (Pi + Pp) A cos X 



FIG. 5 

The factor cosx, which varies with the 
load only, cpn be experimentally determined 
for different loads. 

On the assumption, 

that the surface of rupture Is a circular 
cylinder surrounding the tool, 

that at maximum torsional moment 
the shear strength is fully developed over 


too/ 




1 
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Lower part of the apparatus. 

FIG. 6 
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the whole surface of the said cylinder ^ ln» 
eluding Its end surfaces | 

that the torsional sonant. exerted hy the 
clay upon the shaft of the rotating tboii can 
be negleetedt 

ai^ with desiccations as in fig. 69 then 
- T (IT D H I ► 2 ^ ^ ) 

•nd-r - ^ 

where C is a constant. 

On account of the turning velocltjil^yQ^ 
could be too high, as previously found. 

According to the tests the surface ef 
rupture Is somewhat emaller than the one as* 
Burned above. Furthermore, the ^ear strength 
Is surely not fully developed in both end 
surfaces. 

The Influence of these factors nay well 
counterbalance the increase of l^ax caused by 
the turning velocity. 

As, further, torsional moment exerted by 
the clay upon the shaft of the rotating tool, 
is very small, and friction in the apparatus, 
according to several tests, is also slight, r 
calculated as above may not be impaired by 
errors of importance. 

OOMPARISOM BETWBBJ VALUBS 0? THfi SffiBAR 
STRENGTH OBTAINED BY THE BOTATTWP. AITfliep^ 

BI CAXCULATIQNS FROM SLIDES AND BY LABQRA- 
TORY INVESTIGATIONS OH EXTRACTED fiAMPULq ^ 

The rotating auger has been used in sev- 
eral localities. Among them are two sites 
where slides had taken place, and where ex- 


tensive investigations were carried out. At 
these investlgstions 8aq»leB were extracted 
by means of the amedish piston sampler 2) 

8^ the ehear strength determined by uncon- 
fined coiqpreesion test end by the Swedish 
cone-test. 3) 

Fig. 7 and 8 show results from two bore- 
holes, ^s. the shear strezjgth according to 
the rotating auger and according to the labo- 
ratory methods. In the figures the shear 
strength according to calculations from the 
slides is also represented. The calculated 
Values are approidmate and obtained by the 
circular arc method. In the figures some soil 
data is also given. 

From the figures it follows: 

At shallow depths under the soil surface 
the shear strength, according to the rotating 
auger, roughly equals the shear strength de- 
termined by these laboratory methods^ 

at greater depths the shear strength, 
according to the rotating auger, exceeds la- 
boratory values considerably; 

the shear strength, according to the ro- 
tating auger, seems to correspond with the > 
stren^h calculated from slides, while the 
laboratory values are too small. 

CX)NCU3IONS . 

The experiments carried out up to now 
ave only few, but as all results are similar 
in character, the following conclusions mi^ 
be drawn : 

When a tool, like the one used, is tam- 
ed in clay, a surface of rupture is formed 
with oval, almost circular cross-section. 

The maxlTaum torsional moment Is influ- 



FIG. 7 
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FIG. 8 

enced tj the turning velocity, and in such 
a way, that the moment decreases, as the ve- 
locity decreases. 

At the velocity chosen (o,l deg/sec)the 
maximum torsioxiaX moment seems to exceed hy 
less than 5 % the value obtained by extract- 
ing t^ moment-velocity curve to zero. 

At shallow depths under the soil surface 
the shear strength according to the rotating 
auger roughly equals the shear strength de- 
termined by laboratory methods. 

At greater depths the shear strength ae* 
cording to the rotating auger exceeds the 
laboratory values considerably. 

The shear strength according to the ro- 
tating auger seems to correspond with the 
strength calculated from slides, while the 
laboratory values are too small. 

Or in other words, the method used to 
be a simple, quickly working method for de- 
termining the real shear strength of a clay 
soil* 

sumiaRT. 

The shear strength of clay is usually 
determined in the laboratory from sanplee 
taken from different depths of the ground. 

In Sweden the investigation is generally car* 
ried out by means of unoonfined ooiqiresslon 
test or cone test. Usually the shear atrength 
thus obtained indreasea only slightly witt ^ 
the depth under the surface of the ground. It 
la often smaller then the real strength, cal* 
culated from slides that have occurred ih the 


same soil. This discrepancy may depend partly 
on disturbance of the sas^le caused by the 
sampler, partly on changes in the sample due 
to the decrease of pressure idien the sample 
is extracted. These sources of error can never 
be entirely eliminated when the investigation 
la carried out on extracted samples. 

On account of this a method for determin- 
ing the ahear strength of soil directly in 
the ground has been developed at The fioyal 
Swedish Geotechnical Institute. According to 
this method a tool is first driven Into the 
ground end then turned, the resistance egalnst 
turning being measured. The shear strength is 
then calculed from the maximum resistance. Tba 
tool is shaped in such a way that, idien being 
driven down, it dlsturbes as little as posaltfe 
the soil to be tested, and, when being turned 
it produces in the soil a surface of rupture 
of well defined shape. The tool is len^hened 
upwards by an extension rod, surrounded by a 
casing-pipe. 

At shallow depths under the soil surface 
the shear strength datexmined by this in situ 
method roughly equals the stren^h determined 
by the laboratory methods. But at greater 
depths the former exceeds the latter conal* 
derably. The in situ values also seem to 
correspond with those celoulated from slides, 
while the laboratory values are too small. 

The eiDerlmaita are still in an early 
stage, but the method, as now oan be judged, 
seems full of promise* 


270 

Mmgjicas , 

1) Odenatad* Stan, Load testa on clagr (Baport 
to the Second Xntematlonal. Confe^nce on 
Soil Mechanics and foundation Engineering). 


2) Korttattat ko^endlun i geoteknih 1946. 
Stockholm 1946. (Madd. nr 1 Stat.geot.Xnst.) 

3) Statens itrnYteari Geotekniska koaaisaionea 
1914-1^2^ . Slutoet ankande . Stockhola 1922. 
(Stat.JMsnv^ geot.Hedd**. nr 2.) 


-o-o-o-o-o-o- 


Illb4 


A PaaCTlCAL MBXffflP OF bapID Of SOIL MOIgTOBE AHL ITS APPLICATIQHS 

KAHO BOSHIHO 


Japan 


I, THE METHODS USED BSfOBB AHD MEW METHOD . 

It is essential to measure the content 
of soil moisture in the course of research or 
practise on soil mechanics* The oven-dry meth- 
od hftft been used, hut it takes at least a day 
or more before we can know results. 

A few methods have been proposed for rap- 
id measurement of soil moisture; for example, 
a method of measuring the electric resistance 
of soil sample and of measuring tlie tempera- 
ture rise by mixing sulphric acid with it, but 
none of which has been in common use because 
of the reauirement of special instruments or 
because ox the difficulty or inaccuracy of the 
process. 

A new method of rapid measurement of soil 
moisture based on a physical principle can af- 
ford results in about ten minutes with ample 
accuracy for engineering purposes* 

Principle of the method is very simple 
as well known, and is based on the fact that 
the net specific volume or the net volume per 
unit wei^t of a sample excluding air void 
changes in linear proportion to the percent- 
age in weight of moisture to the total soil 
sample. 

A practical procedure was devised by 
author for measuring the net specific volume 
of soil sample, which is to be called the in- 
dex of moisture. 

Equipments required for this method are 
not fecial made, but ve can find them all on 
the shelf in our laboratory, such as flask, 
funnel, beaker, glass tube and balance, etc* 

It is very easy to exercise this method 
both in laboratory and in field, and we can 
know results at once. 

If the fi^parent specific density of soil 
is known, the index of dry density can be de- 
termined, which proportionates in linear re- 
lation with the diy density* In this case, the 
saturation curve can be drawn in the simplest 
form with no relation to the specific gravity 
of soil particles. 

A number of results have been obtained 
successfully by this method both in laboratory 
and in field, especially in the field of com- 
pacting soil to obtain the maximum density at 
optimum moisture* Some examples of the results 
observed are reported in this paper. 

II, PRINCIPLE AMD PRACTICE OF NEW ^METHOD. 

Let the specific gravity of soil part- 
icles be equal to 2.50 and that of water to 
1.00, then the value of net specific volume 
of perfect dry soil sample is 0.4 and that of 
water is 1*0, and the corresponding percent- 


ages of moisture content are zero and 100 res- 
pectively. In the case of mixing both in equal 
weight. It amounts to 0.7, corresponding to 50 
percent of moisture content . We can know that 
the net specific volume of a soil sample has 
a linear relation to the percentage of moist- 
ure content to the total weight of sample. In 
general, if we use the following designations, 
Gs •specific gravity of soil particles 
W-weight of a soil sample 

y-net volume of the soil saiq;>le, excluding air 
void 

Ww, Ws-iweights of water and soil particles con- 
tained in the soil sample 
w«percentage of soil moisture to the total 
weight of the sample 

Aanet specific volume of the sample (index of 
moisture) 

Ga, Gd*apparent specific gravity and dry dens- 
ity of the 8aiiQ)le 
r*index of dry density 
then we get the following relations 
w-WW/WrlOp andI>«V/W.fw/W+(W-WW)/G8W (1) 

Therefore 

w-(ft.l/Gs)/(l-l/G8)x 100 (2 ) 

We know from (2) that the moisture con- 
tent w is in linear relation to the net spe- 
cific volumes, which is to be called the in- 
dex of moisture. 

If the apparent density of soil saople 
is known, the index of diy density can be de- 
fined by 


hence 


r^C1-nj 6 a 


(3) 


Gd-(l-wA00)Ga 

•r/ci-i/os) 

We can know that the dry density is in 
lijaear proportion to the Index of dry deiuity. 

In the case of saturating the voids of a 
soil sample by water (no air void), the moist- 
ure content the density stand in a re- 
lation of 

w«l(X)(l-Gd/Gs)/(l4-Gd-Gd/G8) (5^ 

which gives the different saturation curve 
with the different value of Gs. Using the both 
Indexes Q and F in the new method, we' can ex- 
press the saturation curve by 

which has a simplest form easy to remember. 

The equipments to be prepared for this 
method are as follows (Photo. 1): 

Quantity Ghit Equipment 

1 each glass flask, 4001 Itr., slender 
necked 

1 ” glass funnel, 45 mm dia., with 

a sharp point 

2 ** glass beakers, 100 c.c. and 500 


c.c. 
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JiiquipBents for the new rapid method of aeasurlnR 
soil moistures. ^ 


PHOT. 1 

1 ” glass tube, 3 mm inner dia., 15 

cm long 

1 " balance, 200 gr, capacity, 0,1 

gr. sensibility 

1 " steel wire rod, 2 mm dia, , 25 

cm long 

1 " tin-plate funnel 7 cm dia, , for 

throwing soil sample in a flask 

1 " brass spoon of a large size 

If the apparent specific density of a 
soil sample is to be known, its volume must 
be measured. An equipment of shaving type coiw 
sisting of a ring frame and a shaving blade 
has been used by author conveniently for this 
purpose (Photo 2), 



Shaving equimente for getting a fixed volume of 
soil sample. 


PHOT. 2 

Practice of the new method is done in 
the following order. 

Pour clear water in a flask up to its 
bottle neck. Adjust the level of water to co- 
incide with the lower point of a funnel in- 
serted, holding the flask in a il^t position. 
A glass tube can be used for adj\isting a 
quantity of water. We can suspend or release 
a drop of water in it by shutting or opening 
its upper opening with a finger. After a pre- 
cise adjustment of water level, take out a 
part of water from flask to a beeker throw 
e weired sample of soil (about 100 gr. ) into 
stir up the mixture rotating 
the flask ox insetting a steel wire rod moist- 
ened before. Remove the bubbles or lighter 
Clrts risen up from soil 8aiq>le to^the suiface 
of water into a glass tube filled with a bit 


of water, through its lower opening and then 
transmit them to the beaker. Rest the flask 
on a support for a while until the upper poiv 
tion of contained water becomes clear, Thki 
adjust again the level of water in the equal 
height in the same manner as before, adding 
water in the beaker to the flask. During the 
course of process, even a drop of water must 
not be lost. Measure the wei^t of water re- 
maned in the beaker, which represents the net 
volume of soil sample free from contained air 
void. The index of moisture or the net speci- 
fic volume can be determined by dividing the 
weight of water in beaker by that of eoil 
sample. 

The data obtained by the new method were 
compared with those by the oven-dry method 
and the results showpd the ample accuracy for 
engineering purposes (Piflc. 1>. 
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Accuracy of*the new rapid method compared with 
the oven-dry method. 


FIG.1 


III. APPLICATIONS OF NEW METHOD . 

The new method of rapid measurement is. 
applicable to all fields in soil mechanics 
when it is necessary to measure the soil mols- 
tures; hut it is most useful when a lot of re- 
sults are to be hnowu in a very short time, 
especially in field works. Because of the 
easy receipt and lightness of equipments and 
the simple procedure of measurement, we can 
exercise the new method in any place at any 
time. Those jobs executing s^l compactions 
will be most benefited by tMs method as we 
can know the moisture contents of soils qulcl&. 
ly and precisely in the field and can adjust ^ 
them to the optimum moistu]^ for coiq^actlon. 

Some examples of the results obtained ^ 
author are as follows: 

1) Effects of drying and hydrating soil sample 
on the compaction and the strength of test 
piece. 

It is a well known fact that the dry 
density of test piece coi^acted under a cer- 
tain static pressure becomes heavier hy mix- 
ing water to the soil saiqile and reaches to a 
maxisum value at optimum moisture. 

Experiments on the effects of drying and 
^drating soil samples were done with a red 
loam soil in Chiba, Japan, physical proper- 
ties of which are shown in Table X. 
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Tal>l» 1. 


Items District 

1 Chiba 

Mach* Analysis 


Sand (coarser than 0*074 mm) 

41.3 

Silt (0.074 m - 0.005 

a.4 

01*7 (finer tbaa 0.005 ■•) 

27.3 

^elfic gravity 

2.67 


The reauXts of hoth coapactlon aud eoa- 
presBlon tests are as follows t 

Test pieces, 5 cm dia,, 10 cm hi^. were 
cpspacted in a brass cjlinder under a lO kg^n^ 
static pressure* 

Both indexes of moisture and dry densitj 
of each test piece were measured* 

Compaction of dry samples gires a* moist- 
ure dry density curre abode eroressed by both 
Indexes (fig* 2a), on which points a, d, and 
e correspond to the no dry, air-dry, and oven- 
dry states separately* The dry density slight- 
ly ineneases by diyixkg until air-diy* but de- 
creases adversely by absolute dry. .Mixing wa- 
ter to the dryed samples gives a gro)^ of 



the test pises* 

FIG.2 


straight lines cc*, dd', ee*, and so on* At 
pptlmam moisture is obtained the maximum dens- 
i^, which fairly differs each other by the 
degree of drying (e*, d', or e*)« Absolute 
maximnm dry densi^ can be obtained by abso- 
lute dry sample (e*)* 

The compressive strength of each oompaot- 
ed test piece was measured* (fig* 2b)* fith 
the reduction of moisture by drying, compress- 
ive strength rises steeply at first, and readi- 
ea to a highest value near a point b, then re- 
duces gradually and cornea to a lowest point 
e at absblute dry state* By mixing water, the 
compressive strength increases slightly and 
reaches to a maximum at optimum moisture (c*, 
d', or e*). The higher degree of drying cor- 
responds to the lower compressive strength, 
though it corresponds to the heavier dry denm- 
ity. It is to be noticed that the degree of 
drying gives a soil sample the quite differ^ 
ent physical properties, and that to gain an 
absolute maxi mum cOBQ>re80ive strength, the 
soil sample must not be dryed in excess de- 
gree, though the absolute maximum dry density 
can be obtained by absolute dry sample. 

2) Effects of rolling soils observed both in 
a job and in a field. 

The effects of rolling a natural soil 
layer by 10 ton macadam roller were observed 
in a job in Chiba district* 

Results obtained are as follows: 

The effect of rolling did not appear on 
the ground surface, where the soils were ra- 
ther in dry state and had already heavier 
densities by being stamped. But it appeared 
clearly in the 10 cm lower layer, giving 
heavier dry density with the repetition of 
rolllxig* (fig. 3)* 

Tertlcal distributions of moisture and 
dry densl'^ of soils before and after rolling 
varied distinctly (?ig« Aa and b). The degree 



Effects of rolling a natural soil layer (number 
of rolling and depth)* 


FIG.3 


iMUxof Mtarturetai ZnA«xof<lTya«nclfaf(r) dryim m i ^ 



Do (vertical distributions of moisture and dry 
density). 

FIG.4 








IiWlexaf 



Do (nunU^r of rolling). 

FIG.6 



6 


Distributions of moisture and dry density in the 
interior of a new embankment. 


FiG.8 
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of coBpactlon In each depth of soil layer was 
calculated and the maxiauB value of the ratio 
of both in dry density before and after roll- 
ing was obtained at the 20 cm lower layer 
(?ig. 4c). 

Another experiment of rolling soils by 
^75 leg hand roller in a field in Chiba city 
clearly showed the effects of mixed water and 
number of rolling (Tigs. 6). 

We can know that the maximum rolling ef- 
fect of uniformly moistened soil layer is ob- 
tained when an optimum moisture is given for 
the maximum density at the surface of layer 
corresponding to the number of rolling and 
that the rolling effect reduces gradually 
with the depth. 

3) Distributions of moisture and dry density 
in the Interior of embankments. 

Distributions of moisture and dry dens- 
ity on the cross section of railroad embank- 
ments were measured at both fields in Hie and 
Tukushlma districts, Japan. The former embank- 
ment has been compacted under traffic loads 
for about fifty years, the latter was execut- 
ed only two years ago, being chaiged with no 
load yet. 

At each point in the cross sections, two 
or three samples of a fixed volume were shav- 
ed and their indexes of moisture and dry dens- 
ity were measured in the field. The mean va- 


lues of observations were plotted and the 
lines connecting the points of equal density 
were drawn in Fig. 7 (a) (^) (e) for Mie 

and in Fig. 8 (a) (b) and (c) for Fukusblma. 

The upper portion of an aged embankment 
has heavier dry densities coa^acted by traf- 
fic loads in a long period, which may be as- 
sumed to be a main factor for the settlement 
of Mibankment. New embankment has loose dens- 
ities in the upper layers and heavier densi- 
ties in the lower layers being charged by its 
own weight only. 

T^ physical properties of soils prevail- 
ing in both cross sections are listed In Table 
2 . 

Table 2. 


Items District 

lae 

nucu- 

shima 

Uech. S8nd(coarser than 0.074mm) 

58.0 

84.8 

Anal. Silt (0.074 mm - 0.003 nm) 

29.0 

14.4 

Clay (finer than 0.003 mm) 

13.0 

00.8 

Specific gravity 

2.63 

2.65 

Liquid limit 

35*0 

54.0 

Plastic limit 

24.7 

50.0 

Plastic index 

10.3 

4.0 


— 0—0* 0— 0—0— O' 
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TESTING OF THE ELASTICITY AND STRESS FBOEERTT OF BOCK SOIL 

P. HORNLIMAHN Dipl. Ing. 

Koniz bei Bern, Switzerland 


According to the known methods for the 
establia^ent of the elasticity and stress 
property of rock, which serves for example as 
rock soil for dams, test samples are cut out 
of the rock, or pa:^ly separated from it and 
then subjected to the usual tests. They are 
relatively small, as already a crosscut of 
3 ft^ needs extraordinary high pressure tests, 
which up to the present can be made with com- 
plicated special appliances, which are very 
expensive. It is therefore necessary to con- 
fine oneself when testing the rock to the 
small test samples* The results of these tests 
indicate very roughly the real conditions of 
the above mentioned soil. 

According to the author's proposal the 
tests on the rock itself are carried out with 
"pressure cushions" without bulbs. These cush- 
ions were developed by the author and alrea^ 
employed with success in 1934 for grid potent- 
ial of the soil and later also for testing 
the strength of materials for great pressures. 

The above mentioned cushions of pressure 
are flat, hollow bodies made of thin sheet 
metal and closed on all sides, which can be 
provided with pads at the edge. In the case 
of great compreBsiblllty of the rock, a num- 
ber of cushions is places one upon another, 
so that even when very high pressures are used 
a proportionately thin sheet may be employed. 
Bach cushion possesses devices for admitting 
the pressure of a liquid and at the same time 


expelling air* 

To introduce such a cushion into the rock 
one or more large slits are made in the rock 
by means of boring or otherwise. These slits 
may have a depth and breadth of several yards 
and a height of a few inches* There is no dif- 
ficulty in making cushions of 10 and more yards 
by 0,3* These are inserted in the slit side by 
side after which the free space between the 
cushions and the rock is filled up with cement 
mortar (pressed mortar). 

After the hardening of the mortar the 
pressure of a liquid will be introduced into 
the cushions. As they can easily lose their 
shape, the pressure of the liquid is carried 
directly over on to the rock. 

The elastic compressibility of the rock 
can then be exactly ascertained from the. quan- 
tity of pressure liquid introduced into the 
cushion. 

This quantity is ascertained during the 
testing of the different pressures* 

If great value is attacted to ascertain- 
ing the compressibility for example per 1,0 y<r 
at different points, cushions of 1,0 yd ^ are 
employed whereby each receives a separate feed 
pipe. 

The duration of the particular testing 
can be spread over several days, months or 
even years without any difficulty. This is of 
a great importaz^e. 

In order to ascertain the resistance to 
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pressure of the rock sollf the cushions are 
arranMd In the rock in two parallel slits* 

The distance hetween the two slits then cor- 
responds to the thickxMss of the test sanple* 

Very often it will he possible to leave 
these appliances where they are after the con- 
struction has been completed and to continue 
to use them to ascertain the changes in ten- 
sion occurring in the soil, for this it is 
only necessary to give the pressure cushions 
filled with a compressed liquid a degree of 
elasticity in' the direction of the load, idenb- 
ical with that of the material surrounding the 
pressure cushion. For measuring strain in the 
soil or the material of a construction a con- 
crete dam for example, special appliances 
(regulators) are used which make it possihle 
to regulate the elasticity of the pressure 
cushions without any diffic\ilty. The tension 
in the soil or the material of the construct- 
ion can than he deduced from the degree of 
the pressure of the liquid in the pressure 
cushion. As such sppliances can remain In use 
for years, changes of tension can he continu- 
ously registered over a long period of time. 

In order to give the pressure cushion a 
particular degree of elasticity, it is attach- 
ed hy means of a pressure conduit to a regul- 
ator, for instance an iron pipe of particular 
dimensions closed all round. If the cushion 
filled with a liquid is then exposed to pres- 
sure from without, the liquid is subjected to 
tension. As a result of the pressure of the 
liquid, the above-mentioned pipe es^ands 
elastically in a special way and compressed 
liquid flows over into the pipe from the pres- 


sure cushion* is, when the exterior load on 
the cushion changes, the tension of the liquid 
contained in it also changes, it is quite 
easy, hy measuring the pipe to produce a par- 
ticular degree of elasticity in the pressure 
cushion* 

If suitable methods of construction are 
employed to ensure the tensile strength of the 
connection between the cushion and the sur- 
rounding material the degree of tensile stress 
occurring in the material can he ascertained 
by means of the appliance. It is then only ne- 
cessary to measure the reduction in pressure 
of the liquid contained in the cushion* 

The cushions employed are Suitably gauged 
prior to use, the pressure of the liquid in 
the cushion being measured for a particular 
load and a particular change of volume.Oush- 
lons which have two smooth parallel surfaces 
for transferring the load (see fig* 1 and 2) 
can be gauged very simple by means of testing 
machines which contain parallel pressure plat- 
es. 

The attached figures 1 and 2 show illus- 
trations for the use of the devices described 
above • 

In fig* 1 two parallel slits (1,2) are 
shown in the rock one on top of the other and 
a certain distance apart, into which pressure 
cushions have been inserted, the spaces be- 
tween the cushions and the rock having been 
filled with compressed mortar* 

In the upper slit (Section A-A) the 
length of the cushion (10) corresponds to the 
depth of the slit. In the lower slit (2) sev- 
eral pressure cushions (11) are arranged one 



FIG.1 
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Pressure cushions not* 
according to scale 


FIG.2 

behind the other » so that the deformation of 
the rock can he ascertained for ea^ section 
on the strength of the quantity of the liquid 
introduced into the various cushions. 

If the slits are for instance 10 yards 
wide by 10 yards deep these 100 square yards 
of area can be filled with 20 cushions of 10 
yards in length and i yard in width. After the 
compressed mortar inserted between the cushions 
and the rock has become hard, compressed 
liquid is introduced into the different cush- 
ions of for instance 3 atmos^eres. fhe 
quantity of liquid introduced into each cush- 
ions is exactly measured and registered* there- 
upon the pressure is increased by, say, 3 
mospheres more and the quantity of llq^d in- 
troduced into each cushion Is again measured. 
In this way it will be possible to ascertain 
the degree of contraction of the rock result- 
ing from the increased ii^ressure of 3 
Xf the pressure of the liquid is similarly 
Increased by the 3 sbm. at a time and the con- 
traction is measured at each degree of pres- 
sure on the basis of the quantities of liquid 
introduced, a very good general idea of the 


capacity of contraction of the rock can be ob- 
tSoad. By sradually In^alng and removing 
loade. it will be possible to ascertain the 
elasticity of the ro^« If the isMSition and 
removal of loads axe also effacted in ^e case 
cf the cushions of the lower slit ^2) of fig* 

1 particular tests with loads can be made in 
this way with the part (.3) of the rock be- 
tween the slits Cl»2). ^ 

The accuracy of the result of the test 
can of course be increased by appropriately 
separating this part C3) of the rock from the 
rest along lines of fig. 1 but even without 
this separation these tests can produce valu- 
able reexLlts if as large areas as possible 
covered with cushions are chosen* 

If the loading of the rock is carried out 
within the limits of elasticity of the rock 
material, these appliances can be used during 
construction and a^er the completion of the 
structure for ascertaining the tension of the 
soil* At the same time the above-mentioned 
regulators ^4) and tension meters (manometers) 
(9) are attached to the cushions and the ex- 
tent of the tension in the soil can then he 
deduced from the pressure of liquid in the 
cushions* Such regulators (4) attached to the 
cushions are shown in the lower slit (2) of 
fig* 1 Sections (A**- - A-*-, B - B). ^or better 
control the regulators (4) and manometers (9) 
are arranged outside the areas to be tested. 

For measuring the tension in the soil, it 
will often be sufficient to use round cushions 
of a diameter of say 0.4 by 0.8 yd. In fig. 2 
such cushions C3"8) are arranged in the joint 
between the soil and the concrete of the con- 
stmction (dam ).Xhe cushions can be placed 
straight on the soil (5) or in a vertical po- 
sition in the plane of section of fig. 2 (6) 
or perpendicular thereto (7 #6). By means of 
the arrangement indicated in fig. 2 the strain 
occur ing In ihe three principal directions can 
he ascertained (5«6,7). There is oX course no 
reason why the cushions should not be arranged 
in any other way. 

The pressure cushions can naturally be 
arranged deeper underneath the foundations of 
a construction, if this is done, the cushions 
aressunk and concreted, together with the pres- 
sure conduit, in small shafts and slits, before 
the construction is erected. 'The pressure con- 
duit of each cushion is then directed to the 
observation room and there provided with the 
regulator (4) and the tension meter (manometer) 
( 9 ). 

For measuring the strains in the masonry 
of the construction the cushions (8) of fig. 2 
are appropriately built into the masonry dming 
construction or sufficient room is left for 
inserting the cushions subsequently. In this 
way, the tension both in the soil and in the 
construction can be ascertained by means of 
fairly single devices as shown in fig. 2 for 
a concrete dam* 
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CONSTRUCTION AND METHOD OF OPERATING OF A NEW DEEFSOUNDIKG AfPARATOS 


Ir. G. PLANTKMA, 

BzxglDcor of Ciliy Snginoors Dept»y Sub^Dop't* of Soil MechanicSf jRolTkerdajn * 

SUMMARY > 

A doopsou ndl ng is performed by pushing a cone into the soili and by measuring the resist- 
ance experienced p The resistances ehich are thus measured in the sand layers, form a measure 

capacity of piles driven into them. Since pile loading tests have shown the re- 
liability of the measured sounding values, it will be of importance to describe in this report 
a new type of a deepsounding apparatus, the characteristic difference of nhich with respect to 
the apparatus in use up till now, is a reliable soil-tight connection of the cone with the tube. 
A source of measuring faults is avoided with it. 


INTRODUCTION. 


When designing a pile foundation for con- 
structions, it is of vital importance to know 
to what depths piles have to be driven, and 
what area the piletoe must have for the re- 
quired bearing capacity. It is therefore 
necessary to get an idea of the bearing capa- 
city of the subsoil. 

During the last decade the results of 
deepsoundings have been used In the Nether- 
lands for the above information. A cone with 
a top-area of 10 ca^ i) is hereby driven into 
the earth mass and the experienced resistance 
measured, (the cone is general It pushed down 
until a resistance of >00 kg/cm^ is obtained, 
which in Rotterdam occurs at a depth of 20 - 
2> m). The cone is then pushed down with a 
rod which is guided through a tube, the latter 
taking the friction x) (tubes and rods can be 
lengthened with pieces of 1 m each). 

The method of operating is such that al- 
ternately first the cone is pushed down abt, 

10 cm and afterwards the tube. 3y measuring, 
with a Bourdon gauge, ‘tiie pressures necessary 
for pushing down cone, and cone and tube si- 
multaneously, values are obtained of the ex- 
tents of the cone resistance (measure for 
pile-toe resistance) and the friction of^ the 
tube (measure for the negative skin friction 
of the pile, if any). The relation between 
depth and resistance, plotted in a diagram 
will be an indication for the bearing capacity 
of subsoil. 

The results of these soundings are an in- 
dication for the most favourable depth of the 
pile-toe, taking into account any negative 
skin friction, and a factor of safety of e.g. 


As for the reconstruction of Rotterdam, 
hundreds of deepsoundlngs have been performed, 
the figures of the measured resistances have 
been compared with an especially arranged 
pile-loading test, the so-called ’'pile-sound- 
ing" 2 ). 

This comparision proved that the results 
of de^soundings are reliable. 

The City Bnglneers D^t. of Rotterdam has 
now designed a new sounding device, which dif- 
fers from the one used up to now in* 

1) a soiltlght connection of cone and tube, 

2) an accurate measuring apparatus, idiich 
registers electrically, 

3) a manner of pushing the tube into the earth 
mass. 


1* SOIL-TIGHT OQNNECTIQN OF CONE AND TUBS . 

The Apparatus in use up to now consists 
of a cone and a tube, which are pressed down 
alternately. On pushing down the tube, after 
registering the cone resistance, soil part- 
icles may penetrate the connection. See Pig.l. 
If the cone is pushed down and the resistance 
measured, not only the sounding resistance, but 


DOWNWARD MOVEMENT 



also the friction between the lower end of the 
tube and the rod are registered, (fig. 2) Due 
to this connection not being soil-ti^t, sub- 
stantial reading-faults may be obtained and 
too favourable scxinding values registered. It 
even happens that due to the penetration of 
soil into the above connection, the rod can no 
longer be pushed out of the tube and the sound- 
ing falls. 

To obtain a perfectly soil-ti^t connec- 
tion, it is necessary 

a) To introduce a cone construction as shown 
in Fig. 3 3). 

b) To operate this construction in such a man- 
ner that sounding tube and -rod are pushed 
down simultaneously, but the pressures are 
measured separately. 

Sub a . A curiosity of the mantle is the outer 
surface, which is not cylindrical, but 
conical, in order to reduce the friction of 
the soil on the mantle to a minimum, when 
pressing down th e cone. Moreover, the bbli- 

x) Netherlands Patent no. 43093 ,. registered 
for Goudse Machinefabiiek & p. Barentsen. 
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PRESSURE CAUSING 
DOWNWARD MOVEMENT OF CONE 



FIG.2 


quity can be so great > consequently the fric- 
tional powers minimal, because with the method 
of wolfing sub b, the mantle need only be 
short. 

The mantle-construction on the cone has 
still an other advantage. When sounding with 
the ordinary cone an empty space develops over 
the cone, when the latter is pushed down. The 
surrounding soil will hereby influence the 
circumstance whether the hole- in the first 
instance arising over the cone - is filled 
with ground or not (fig. This circumstance 
will influence the forming of the sliding sur- 
face resulting from pushing down the cone, end 
the shearing resistances occurring at the same 
time. Thus the nature of the soil mey have an 
influence on the appreciation of the sounding 
resistance. This potential source of inequal- 
ity of the sounding- resistance, however, is 
almost completely prevented by the mantle on 
the cone, which may be called an advantage for 
its interpretation. It is curlers that on push- 
ing down a mantleless cone always a discontinu- 
ous expiration of pressure was found as ^own 
in fig, on pushing down the cone below the 
maximum value, the resistance may drop due to 
a hole being formed over the cone. On pushing 
a cone with mantle this discontinuity, however, 
cannot be ascertained. 

Sub b . When operating with the mantle-construo- 
tlon In the conventional manner, e.g. 
iDd and tube pressed down alternately, soil 
particles are also bound to penetrate into the 
connection between mantle and tube. To avoid 
this, tube and rod must be pressed down simul- 
taneously. Thus the soil particles are moving 
in an upward direction and will miss the con- 
nection between mantle and tube. Operating in 
this maxmer the mantle-construction can be 
considered as soil-tight. 

When soundli:^ the following procedure Is 
applied: 

Over the top of the tube a bowl-shaped 
part is screwed with the gauge box(fig. 3). 

If necessary, a aecemd gauge box can measure 
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the total stress which is required for pushing 
down sounding rod and -tube and the friction 
along the tube thus fixed. On the tops of the 
gauge box the forces are exercised ixecessaxy 
for the souQQdlng operation. The bowl-^laaped 
part presses down the tube, ihereas the gauge 
box presses down the rod with the coma, regis- 
tering at the sans tine. 

The margin between upper part ewe and 
lower part tube can also bie checked pushing 




down the howl only, whereby the tube is pushed 
down into the earth, until the lower part of 
the tube meets the cone, and tube and rod are 
mo7ed down simultaneously. 


In fig, 6 an apparatus is shown with 
which City Engineers Dept, of Hotteidam per- 
forms deep soundings. By means of a specially 
designed rack-jack, the sounding tubes and 
-rods are pushed down one metre at a time. 

To save time, in erecting and dismantl- 
ing, the apparatus has been designed as shown 
in fig, ?• By means of a winch the tubes are 
pressed into the earth one metre at a time 
and afterwards pulled out. The wagon is an- 
chored into the ground by means of screw an- 
chors. The possibility of a motor sounding 
apparatus by means of which manipulations will 
teke place still faster is, under considera- 
tion; with the latter apparatus deepsoundings 
are eiqpected to be performed up to 23 m in 
depth in less than half a day, 

BEFERENCES, 


2. mOT MEASOBING AEPASATOS . 

Moreover the measuring ^paratus can be 
applied to the requirements of modern measur- 
ing technics. It can be done by replacing tbe 
hydrsulical measuring method with a Bourdon 
gauge in use up till now (with its adhering 
^chnical measuring errors) by a gauge box 
^th wire resistance strain gauges, ihereby 
t^ pressures are measured electrically (meas- 
wng faults only a few percents). Moreover, 


1) The predetermination of tbe required lezigth 
and the prediction of the toe-resistance of 
piles - Lab, of Soil Mechanics, Delft - Vol. 
I, no. I, 1 , Proceedings First Conference, 

2) Results of a special loading test on a re- 
inforced concrete pile, the so-called pile- 
sounding. Paper of section VII. 

3) Similar ideas were developed by J, Vermei- 
den, see paper no. III b 7. Improved sound- 
ing apparatus as developed In Holland since 
1936 . 
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tmprQVKD SOUHDIUGS apparatus, as PgV BIOPED IN HOUiAin) SIBCE 1,936 

J, TBRMBIDBK 

Head Of Field Investigations, Delft Soil Mechanics Lahoratory 


a. aomroiNG APPARATUS , 

In the Proceedings of the 
tional Conference onSoil Mecha^cs in 195fe a 
description has been given of the h^d 
apparatus of Barentsen 1) for the determination 


of the penetration resistance of the soil. In 
view of the increased do&and of modern field in- 
vestigations this apparatus showed some imper- 

f actions. imperfection is that 

tubes are forced down by hand, which limits the 

nAnmirincr ranse (up to 10 kg/ cm2; « 






FIG.4 

Secondly t niion passing 1;hrough a thin hard The first two imperfections were rectified 

layer » Increased pressure onist be applied with at the Soil Mechanics Laboratory by constructing 
the resulting danger thatf after passing the a pressure device so that the soundlztg ^bes 

layer I the apparatus Is pushed through an under— were forced down by mechanical means. Moreover ^ 

lying soft layer without registering its resist- the pressure applied could now be Increased ap- 
ance. preciably and sounding resistances in sandlayers 

Lastly I it hss been oDserved that, while up to 50 kg/ cm2 could be measured • and by an ad- 
measuring hj gh soundljig resistances! *^6 gland justment at the head of the apparatus it became 
between sound^og rod sounding tube at the possible to perform continuous and discontinu— 

lower end influences the readings* ous soundings* Fig* 1 (a) shows the apparatus* 




FIG. 

Beaction forces are funxiahed by two screw-rods» 
screwed Into the soil* The relatively small 
weight and the easy transport of this apparatus 
enables one to make field investigations at al- 
most every spot (fig* b)* 

To give an insist into the last mentioned 
impezrfection vis* the gland between sounding 
rod and hollow tube, fig. 2 shows the various 
stages during sounding* Stage 1 shows the sound- 
ing tube with the cone at a certain depth below 
the ground surface* In order to find the cone 
resistance the rod (with cone attached) is 
pushed out 124 cm (stage 2)* The resulting <gr- 
llndrical space between the cone base and the 
end area of the sounding tube can now be filled 
partly with soil. In order to measure the fric- 
tional resistance along the sounding tube, the 
tube is now pressed down over a distance of 20 
cm, so that over a distance of 7 i 5 cm tube and 
cone are pressed down together* During this 
movement the soil between the two areas men- 
tioned will be somewhat compressed, with the 
result that soil particles (especi^ly fine 
sand) may be pushed into the apace between tube 
and rod* This causes friction which has an ef- 
fect on the accuracy of subsequent measurementa 
of the cone resistances* This can be perceived 
when observing the readings of the manometer* 

Ae an example a diagram of a set of read- 
ings is given in fig* 2* The movement of the 
cone is plotted horizontally against the read- 
ings of the manometer vertically* On this dia- 
gram line A represents the normal readings on 
the manometer and point F the reading that is 
registered* The falling off of the readings is 


7 

caxised by the fact that at continued penetra- 
tion of the cone the soil is given an opportune 
ity to flow rotind the cone and this causes the 
resistance to drop* 

However, when small sand particles pene- 
trate between rod and tube, as ixidicated above, 
readings as represented by line B are obtained* 
The highest point of this line corresponds with 
the pressure on the sounding rod, necessary to 
overccoae the friction between rod and tube. 

^001 then onward the forcing-down of the cone 
proceeds Jerkily, as represented by points Pi 
to P 4 , and it is possible that excessive va- 
lues are registered* 

The same thing might happen in reverse* 
Such is the case for the sounding of fig* 3(A)* 
From 11*00 m to 14*80 m - N.A«P* the manometer 
gave no reading at all, and therefore it was 
concluded that the soil was so soft, that it 
could not carry the weight of cone and rods* 
Here also small sand particles of the overlying 
sandlayer had found their way into the space 
between tube and rod, and at the approach of 
the soft layer insufficient resistance was 
developed to overcome this friction. 

These difficulties as well as the ensuing 
wear of the gland caused the author to shape 
the cone as shown in fig* 4* The object of this 
construction is that, by the presence of the 
protecting sleeve, the soil is prevented from 
X>enetrating between rod and tube and it has 
the additional advantage that continuous sound- 
ing can be performed more accurately* Similar 
ideas were developed by ir* G.PIantema 2} 

The readings of the maziometer follow now line 
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FIG.8 

of fig. 2. 

Fig* 3 shows the results of a sounding 
with this improved cone* The distance between 
the soundings A and B was 30 cm as measured on 
the ground surface. This shows that, at the 
same depth as at sounding A, with this new 
sealing device sounding resistances of 2-4 k^cm2 
were meastired. 

An investigation is also made into the va- 
riation with the depth of distance a (see fig* 2) 
between the lower end of the tubes and the base 
of the cone, for the old and for the improved 
system* Fig* 3 shows the results of 2 soundings 
in close pro^dj&lty* Sounding A is done with the 
old system, and B with the new system. The accom- 
panying figures show the relationship of the va- 
riable distance a with the depth. 

It is to be*”noted ‘that with the new system 
the distance a remains always constant* The 
slight discrepancies are due to unavoidable 
measuring errors* With the old system the dis- 
crepancies are largest under the overlying 
sandlayer* 



In order to isterprete successfully the 


results of a sounding It la of prime Importance 
to know also the nature and the properties of 
the soil layers* To this end the Soil Mechanics 
Laboratory of Delft has constructed a li^t 
soil SGmpler which is forced into the soil 
means of the sounding apparatus (fig* 6)* With 
this sampler undisturbed soil saiples of 100 cm3 
may be obtained from any desired Mpth, without 
a casing* 

In position I the sampler is ready to be 
forced into the soil. The lower end of the samp-' 
ling tube is provided with a plug, attached to 
a rod which, idiile the sampler is forced down, 
bears by means of the not^mes a up against 2 
similar notches on the inside of the extension 
tube. When the desired depth is reached, the 
apparatus is turned a quaver turn and the rod 
gets free from the notches in the extension 
tube. The turning of the plug itself is pre- 
vented by the wings on the plug (position 2}« 

Now the sampler is lowered again, the plug dis- 
appears Into the sampler and the latter is 
filled with soil (position 3). 

In order to prevent that, at withdrawal 
the weight of the plug presses on the sample, 
the plug rod is kept up by means of the balls 

b, imich find their support against a seat 
Tposition 4). After withdrawal the samples are 
pushed out of the sampling tube into zinc cy- ^ 
lindens and sent to the laboratory for eventual 
tests. 

c. DEBP-SOUNDING APPARATUS * 

The deep-sounding apparattis for the deter- 
mination of the be airing capacity of sandlayers, 
supporting foundation piles, is described in 
1936 3) and has not been altered since in any 
essential respect* The Improvements made to the 
apparatus as shown In fig* 7f aimed principally 
at a more economical working method* This has 
been achieved by using a more efficient pressure 
appliance and a frsme built up from hollow steel 
beams, which reduces the weight and facilitates 
dismantling and transport* 

An Improvement in measuring technique is 
provided by the new hydraulic measuring device 
for reading the penetration resistances* The 
construction is based on past experience and 
special attention has been given to prevention 
of leakage and to low piston friction* It appears 
that the amount of friction works out at about 

4^ of the pressure at any moment* The anchoring 
of this apparatus may consist of a weighted 
floor underground or of screw-rods. If screw- 
rods are used, one should pay regard to the 
nature of the soil and the ground water level. 

The results of several deep-soundings for 
one definite object often vary with respect to 
depth and stren^h of the sandlayers in which 
pile points must find their bearing* 

In that case any desired supplementaiy in- 
vestigation may only be concerned with the va- 
riation of the bearing value of the sandlayers 
with the depth, and measurement of the friction 
properties may be omitted, because the safe 
bearing value of a pile is mainly determined by 
the allowable stress under the point and the 
friction is usually not taken into account as 
a favourable influence* 

In order to determine the bearing value 
in a simple way, the lower sounding tube has 
been provided with an enlarged section, which 
diminishes the friction along the tube surface. 
This enlarged section is constructed as a se- 
parate part ahich can be disconnected from the 
tube at any desired depth, mostly at the undsx^ 
side of the cohesive layers. Fig* 8 shows tdie 
position 1 of this "ring” just before it wllX 
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"be forced down. The notches A carry the ring 
with them. After the desired depth has been 
reached » the sounding tube is turned a quarter 
turn, so that the notches move in the slit 
(position 2). Subsequently tl^e tube can slide 
freely through the ring and the sounding may 
start (position 3), fflule disconnecting the 
turning of the ring is prevented by the wings B. 

Another advantage of this device is that 
deeper sounding becomes possible with the ex- 
isting pressure arrangements. At the usual way 
of deep-sounding it is often seen that the 
friction along the surface of the sounding 
tubes is so high that the pressure capacity of 
the sounding apparatus is exhausted before 
layers of si^f icient penetration resistance are 
found. Pig, 9 shows the results of such a deep- 
sounding. The full drawn line represents the 
results of sounding done in the usual way. At 
point P the tubes are with-drawn and a new 
start was made with the described device .From 
downwards soimding has again proceeded af- 
ter disconnection and the results are combined 
with the first results, as is shown by the 
dotted line in the figure. 

Por these "fast" soundings the sounding 
apparatus sketched in fig* 10 is now being de- 
signed. In order to facilitate transport, it 
is Intended to place the apparatus on a speci- 
^ly constructed cairriage, that will be p\illed 
by a tractor. The reaction forces will be pro- 
vided by 6 Bcreir-rods, screwed into the ground. 
It is suggested to put the apparatus in posit- 
ion by raising the carriage to a truly hori- 


zontal position by means of screw-spindles. 
This makes it also possible, when extracting 
the sounding tubes, to transmit the reaction 
forces directly to the ground via the spindles 
so that the springs of the carriage remain un- 
stressed* 


d. SOUNDING ON CANAL, RIVER. OR SEA BOTTOM . 

In order to deteimine the bearing value 
of the soil in behalf of structures which are 
wholly or partly built in the water, it is 
necessary to carry out soundings under the 
water because the reduced load at that place 
has given rise to reduced effective soil 
stresses. 

The problems to be sloved consist mainly 
of the construction of adequate reaction sup- 
ports and of a device against buckling of the 
sounding tubes. Special devices are required 
when working on tidal waters. 

Por the soil investigations in behalf of 
the reclamation of the former Zuiderzee a pon- 
toon has been constructed by us in conjunction 
with the Department of the Zuiderzee Works. 

This pontoon is so designed that it can be 
sunk at any required spot. Pig. 11 shows the 
pontoon after ainkiog. The sounding can be done 
working from the deck. 

The sinking is performed by opening a num- 
ber of valves fitted on the deck; thereby the 
tanks are filled. After the completion of the 
sounding the tanks are emptied by means of a 
petrol driven pump (fig. 12), 
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FIG.12 

This i)ontoon has the disadvantages that 
it can only he used on a flat bottom not deeper 
than 3 under watery and in windy weather the 
structure tends to slide* 

To overcome these disadvantages, for the 
investigations in behalf of the future tunnel 
under the T at Amsterdam we have cooperated 
with the City Engineer **s Department of Amster- 
dam in constructing a sounding tower, shown in 
fig* 13* The footing of this tower is ballasted 
and sunk with the aid of barges at the place of 
sounding (fig* 14). On this footing a hollow 
-Shaft is erected* connected to the footing with 
a cardan Joint* The vertical position of the 
shaft is maintained by 3 steel wires, fastened 
to the corner points of the footing* 



FIG.14 

The sounding apparatus is set up on ‘the 
staging above the water line* To prevent the 
buckling of the sounding tubes, these are pass- 
ed through a guide pipe running centrally through 
the shaft and supported at regular intervals. 
Thus a fairly stable arrangement is achieved 
idiich can by used at ajaj water depth between 
2 m and 16 m* However this is a costly construc- 
tion* 

In connection with the reconstruction of 
the wardamaged quay walls at Rotterdam, a large 
number of deep-soundings were required under 
the bottom of the river* The uae of the soun- 
ding tower was impracticable, since the bottom 
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FIG.15 


of the river was covered with debris from the 
destroyed quay walls# The City Suginaer’s Pe- 
partment succeded in developing a method of 
deep-soundingi wording from a pontoon barge » 
solving the problfflas arising out of the rise 
and fall of tidal water# The 500 ton barge is 
shown in fig# 15* A despr-soundiog apparatus is 
set up above the cylindrical opening in the 
pontoon# The sounding proceeds as follows: 

Working from the aeck, first a 4" casing 
is placed to about 2 n under the river bottom. 
The top is then at about 20 cm above low water. 
Bnreloping this casing, a 5’* sleeve pipe is 
lowered, which is connected to the pontoon and 
takes part in the vertical tidal movement. The 
sounding tubes are prevented from buckling by 
a ll" guiding tube, idiich finds support against 
the casing by means of welded guides# All pipes 
together are secured against buckling by wooden 
st^ts in the hole in the pontoon. 

During the sounding the rise and fall of 
ebb and flow is registered by a levelling apa- 
ratus set up on the shore and, with the aid of 
these readings, the results of the sounding are 
subsequently corrected# 
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SUB-SECTION lllc 

MEASURai^lENTS OP PRESSUHgS AND DEPOHMATIONS 

EXPERIENCE GAINED IN THE MSASURSMKin? OP PORE PRESSUHES IK DAM AND ITS FOUNDATION 
III C 1 MILTON G. SPEEDIE, M.C.E# 


INTRODUCTION . 

Fifteen piezometers have been installed 
in the embankment and foundation of the Bil” 
don Dam, Victoria, Australia, to record 
pore pressures and so provide basic 
tion for the design of an enlargement oi this 
structure# It was necessary to select instru- 
ments suitable for Installation through 
about 100 feet vertical thinness of rock ai» 
clay embankment and ■rthich would permit press- 
ure reading to be made at the leve l o f Idle 
embankment crest# They are of two types de- 
signated 1 2 as i^own on drawing No# 1, 

ai^have been located in two cross-sections 
of the dam. 


LOCAL CONDITIONS # 

The dam was originally constructed in 
the period 1915 to 1929 and consists of a 
zoned clay and rock fill embankment with a 
central concrete core wall extending from the 
foundation rock to the top of the bank# For 
the most port the interbedded sandstones, 
slates and shales of Silurian age which form 
the foundation rock are overlaid by alluvial 
deposite consisting of about 6 feet of sandy 
gravel irtiich in turn is covered by 15 of 
medium clay# Typical mechanical analynes of 
these materials are shown on drawii^ No# 5 
and physical properties of the clay are as 
follows: 



Phorslcal Properties of clay ^ 



6 feet 

' 4 feet 

Piezometer 7 

Average 

Values 

above 

Piezometer 4 

Wet Density lbs. per cub.ft* 

12A^.6 

118.3 

125 

Dry Density ” ” ” " 

99.7 

86.4 

102 

Moisture Content % 

24.9 

36.7 


S.G. of Particles 

2.72 

2.74 

2.72 

Permeability Ft. per yr. 



0.003 


Only sixttlcie&t of the foundation mate- 
rials were excavated to enable the core wall 
to be keyed into the rock. Imediately up- 
stream of the concrete wall a clay blanket 
wall was constructed from the suzrface of the 
foundation clay to an elevation 5 feet below 
top of embankment 9 having a thickneas odt about 
17 feet at the top and an upstream slope of 
6 on 1. 

The whole of the downstream and reoiainder of 
the upstream portions of the bank were conn 
posed of rock fill placed directly on the 
clay. This material is very permeable and 
free draining with an average density of 125 
pounds per cubic foot. 

An extensive subsidence occurred in the 
upstream portion of the embankment during a 
rapid draw down of the reservoir in 1929 when 
construction had been practically cos^leted. 
This subsidence and the 8ubse<x(^nt dam recon- 
struction involving '^e placing of much ad- 
ditional rock filling were described in de- 
tail elsewhere. (1) The greatest subsidence 
occurred at chatnage 1550 feet for irtiich the 
present profile is as shown in drawing No# 3 
together wi;kh the locations and recordings of 
the piezometers Installed at this cross-sec- 
tion. The present location of the clay zone 
does not agree with that previously reported 
on account of slow continuation of the sub- 
sidence for s(M&e time eifter completion of the 
original exploratory boring in the embank- 
ment. 


PIEZOMETBR INSTALLATION. 


Two troes of piezometers were installed » 
their constructions and details of the in- 
stallation being as shown in drawing No* 1. 

Piezometers type I closely follow a de- 
sign used by the United States Bureau of Re- 
clamation and consist easentially of a bronze 
body in which is mounted a diaphragm, subject 
to the hydrostatic pressure on its underside. 

A copper tube enclosing an insulated wire con- 
nects the upper portion of the body with the 
recording panel and air pressure is applied 
through the tube to the cell until deflection 
of the diaphragm breaks an electric circuit 
(through insulated wire, contact button, dia- 
phragm, body, tube, lamp and battery) and 
extinguishes a lamp, the pressure of air buying 
recorded by a Bouraon pressure gauge. 

Piezometer type 2 - is of similar construc- 
tion but has two tubes instead of one thus per- 
^tting flushing out of any water which may 
leak past the diaphragm or condense from the 
air. 


V mounted in a steel 

^oe fitted with a pointed shoe to assist driv- 
ing* Coarse sand was packed around the piezo- 
meter heads and the voids filled with iwter. 


The remainder of the steel tube was filled 
with concrete, rubber discs being provided at 
intervals to ensure that copper ^bes retained 
their correct positions and did not contact 
the outer tube# 

When placing the assembly in the clay 
wall or foundation the tube was jacked into 
position. No pilot hole was bored where liie 
clay was soft but in hard or stiff clay a pl^ 
lot hole was necessary and this was made at 
least an inch smaller in diameter than the 
tube* All copper tubes at each cross section 
were led to a panel mounted on the top of the 
embankment and fitted as shown in drawing 
No* 1 and illustrated in photographe No. I 
and II* Air pressure is supplied by an elec- 
tric motorconraressor unit illustrated in pho- 
tograph No. Ill, and air pressure measurement 
is by means of a calibrated Bourdon gauge. 

PBBCAUnONS . 

The following precautions were taken: 

1) The use of dissimilar metals in the install- 
ation was avoided. Enerience (2) with 

other equipment showed that a sealed galvaniz- 
ed pipe filled with water generated hydrogen 
by galvanic action, thus producing hi^ pres- 
sures. Per this reason the piezometers and 
copper tubes are insulated from the steel tube 
bv rubber discs* 

2) Piaphragms and contact buttons were care- 
fully adjusted, and the cell subjected to 

pressure to test its operation and waterti^t- 
ness, prior to installation. 

3) Each piezometer was calibrated to determine 
the pressure difference required to break 

the circuit. This varied from 1 to 4 feet of 
water and 8 feet for Piezometer No. 7, all cor- 
rections to be subtracted from air pressure 
readings to give pressoo^e below diaphra^# 

4) Copper tubes were joined by compression 
couplings or brazing* Sweating with solder 

was avoided. 

5) Air pumped into the tube when taking read- 
ings was first dried by passing through 

calcium chloride crystals. It is doubtful 
whether this proced\jre provides adequate de- 
siccation. 

METHOD OP MAKING READINGS . 

1} Air pump and gauge are connected to the 
large tube leading to piezometer. This is 
done by closing relief valve and connecting 
rubber tube to valve fitting. 

2) Electric circuit is completed through pie- 
zometer battery and lamp by burning coeatcol 

k^b to appropriate contact on multiple switch. 

3) Valve on air line is sli^tly opened 
air pres^e very slowly built up until 

l^p is extinguished* Pressures at which lamp 
flickers or becomes dim are also recorded. 





PHOT. 1 

4) Air pressure is slowly reduced until lamp 
again glows brightly. Dim and flicker pres- 
sures are again noted. 

5) Tubes are dewatered by opening return tube 
to atmosphere and b\iilding up an air p 3 ?es- 

sure of 150 feet head of water 165 lbs. per 
80 . inch) at top of down tube. 

6 ; If the tubes are found to contain water re- 
peat steps 1 to 4 above. 

The first set of readings is used unless 
water is found in the cell| in which case the 
second set is adopted. Where the breaking of 
the circuit is not definite the points at 
^ich the lamp changes from bright to dim^ or 
vice versa 9 are considered to indicate deflec- 
tion. Flickering of the lamp shows instability 
of the diaphra^ and when confirmed by recor- 
dings on other dates may indicate pore pressure. 

EXPBCTSiD ffiSSSURE VARIATIONS . 

At the time of installation the soil dis^ 
turhance due to forcing steel tubes into it 
must produce hi^ local pore pressures. These 
TOuld dissipate gradually while the pressure 
inside the tubes will build up until they at- 
tain that of the pore water in the soil. The 
pressure of the pore water and the water in 
contact with the piesometers will then still 
further reduce t until the effect of the soil 
disturbance disappears. Thereafter the pore 
water pressure should be governed by water le- 
vel variations althou^ this condition can 
only be d^initely recognised when xBressore 
recordings 8 iu)w increasing pressures for the 
second ‘^me. 


PHOT. 2 

The pore water pressures can vary with 
water level for two reasons. 

1) The loadfng on the stirface of the clay vari- 
es and portion of this variation would be 

transmitted to the pore water. Where there is 
no rock filling the variation in water level 
represents the change in pressure on the clay 
expressed as hydrostatic head. Where rock fill 
overlies the clay to an elevation above water 
level the change in vertical pressure equals 
the weight of water contained in the voids of 
the filling within the range of water level 
variation i.e. about 27% ox hydrostatic pres- 
sure variation. In addition to the vertical 
loading there will be a lateral component due 
to the embankment slope; this would be greater 
for low water levels than for hlgih. 

2) I^yd^ostatic pressure changes can be trans- 
mitted through the pore water of the clay 

mass. Pressure variations transmitted in this 
way are likely to exhibit a time lag with res- 
pect to the water level changes producing then. 

BECORDINGS . 

Details of the locations and recordings 
of type 2 piezometers are shown on drawings 
Nos. 2 and 3* Type 1 cells were placed at ano- 
ther location in the dam and their readings 
have been more consistent and showed lower 
pressures than for type 2 piezometers but are 
considered unreliable as stated below so the 
readings are not recorded here. 

Recordings of type 2 cells show - 
a) About 15 months after installation the pie- 
zometers Indicated increasing pressures for 
the second time. This Is thou^t to nske the 
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Portable Air-Coapreeaor Unit* 

PHOT. 3 

coMepceaent of the first definltel/ repreaen- 
tatlye readlogs of pore eater pressures in the 
Mibankaent. 

b) Thereafter the iressare recordings increase 
and decrease with water lerel* Particular 
cosnaents on in^viduaX cells are giTen below* 

e) Piesooeter 1 has shown aero pressure as 
would be expected downstream of the core 
wall* 

d) Plesoneter 2 has giren readings idilch are 
generally consistent regarding wessures at 

idiieh the diaphragm deflects with increasing 
and decreasing air pressure* ffo correlation 
with wetter level has been possible* 

e) Piesoneter 5 recordings have been very ir- 
regular and no concluilona can be drawn* 

f ) Fiesoaeter 4 has given fairly consistent 
readings but considerable qu^tities of wa- 
ter have collected therein* In the period Au- 
gust 1946 to Jenuary 194? water accuaulated 

^Tt the tubes as a result of Inadequate flushing 
by an Inexperienced operator* In January 1947 
well over a pint of water was flushed from the 
tubes ^lich would account for the iriiole of the 
30 feet rise in pressure at that time* 

g) Piezometer 3 has been consistent and pres- 
euree have varied with water level, general- 
ly with a small lag. The variation amounting to 
45% to 87%, ^average 5a%» of change in waterle- 
veil is greater than the variation in verti- 
cal pressure on the clay surface* 

h) Piezometer 6 also gave consistent readies 
with variations of 39% to 71% (average 5W 

of in water level* When the reservoir 

is full the hydrostatic head given by both 

S lezometera 5 and 6 approximates that to water 
ovel* 

j) Plezomwter 7 has recorded very high pres- 
sures* Pot a long time the electric circuit 
could not be broken with air pressures up to 
150 feet head of water and it was thought to 
have a short circuit or other f ^ult • However , 
in 1944 a large quantity of water (estimated 
at 70 feet depth) collected in the tubes ^ 
some readings were then obtained again* Dur- 
ing 1947 pressurea were recorded and th^ va- 
iled with water level but were about W feet , 
greater than hydrostatic from reservoir level. 

Sli^t upatream movemanta of Ihe ro^ 
fill observed during draw down of water level 
are consistent with hi^ pore press^. 

The hi^ pressures be interpreted 

as indicating a condition of partial consolid- 
ation in Ihe clay, but tbs large 
with water level seM inconsistent ^th this 


interpretation* Lateral pressurea 
greateat with low water level and 
pected to limit the pore preasupe reduction 
during drawdown of water level. Howevw, no 


ooircLOBXOiaa * 


It is concluded that - ^ 

1) The diaphragm t™ of pleaometer has ^v 
coneistent readings over a period of 5w 

^ Water has been found to aocuiulate in the 
piezometers due to condensation from air 
pumped into the t^bea, and/or as a result of 
leaxage, consequently type 1 cells which are 
not capable of oeing cleared of water are oon- 


given 


readings* 

3) The pressures in the foundation clay are 
hi^* 

4) The variation in hydrostatic pore pressure 
in the foundation clay is less than the 

variation in rtsarvoir water level but con- 
siderably more than the variation in total 
pressure (rock fill plus water) on tiie found- 
ation. 
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SDMICARY * 

Piezometers of two types, totalling fif- 
teen in number, have been Installed in &e em- 
bankment and foundation of the Blldon Dam , 
Victoria, Auatralia, aM readlnga are avail- 
able for a period of 3i years* 

The dam consists of a zoned embankment 
of clay and rock fill with a central concrete 
core wall extending from the foundation rock 
to the embankment crest * The clay and rock 
fill embankment rests on a natural clay strata 
overlying sandy gravel and rock. 

in both types of piezometers pore pres- 
sure is transmitted to the underside of a dia- 
phragm idiile air pressure is applied to the 
top until deflection breaks an electric cir- 
cuit and indivatee eouali^ of air pore 
preasure*' Type 2 cells differ from Type 1 in 
that two tubes lead to the upper side • of the 
diaphragm and so permit removal of any water 
that accumulates there* 

Precautions taken In manufacturing and 
installing the cells are listed together with 
the method of making readings. lUustrationa 
give details of the equipment, installatiom, 
and readlnga, the latter being briefly dis- 
cussed in the latter press* 

Pore pressures were disturbed by Installation 
of the piesometers but, after an adjustment 
period, consistent recordings were obtained 
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which varied with water level, hut to an ex- 
tent greater than the variation in total prea- 
sure on the clay surface and somewhat less 
than the corresponding variation in reservoir 
level. In general, the maximum pressures for 
each Instrument corresponded with or were 
greater than hydrostatic from spillway crest 
level* 


It is concluded that the diaphragm type 
of piesometer has given consistent readings 
over a period of 3? years and that provision 
must he made for removing water which accumu- 
lates in the cells hy leakage or condensation. 
Results obtained from cells without such pro- 
vision are unreliable. 
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SOME RESULTS OF WATERPRBSSURE MEASUREMENTS IN CLAY-LAIERS 

B. DE BEER and H. RABDSCHELDBRS 
Ghent (Belgium) 


INTRODUCTION . 

To control the stability of deep cuts in 
clay— layers several waterpressure measurements 
were performed. Most of the tested clay— layers 
are situated between an upper and a lower sand 
layer or limestone layer, having a different 
hydrostatic pressure. Beforehand one should 
believe that the waterpressure in the clay- 
layer would be a mean between the upper and 
the lower watertable. The results of the mea- 
surements are often c^uite different from this 
expectation. 

CANAL CUT AT GODARVILLE FOR THE CANAL BRUSSEI.S- 
CHARLEROI . 

To allow navigation for 1350 ton ships, 
a deep cut of a depth of ^3 m has to be con- 
structed at Godarville. At this location the 
following layers are generally found, start- 
ing from the surface of the ground; 

1) loam or loamy fine sand. 

2) more or less sandy clay. 

3) clayey sand. 

4) more or less sandy clay. 

5) limestone. 

The physical properties of a typical sam- 
ple of each of these layers are given in table I 
None of the layers can be considered as 
homogeneous. 

The loam or loamy fine sand (layer 1) be- 
longs to the pleistocene, the layers 2 till 4 
belong to the tertiary ypresian formation 
( yp - y., - y, ). The limestone is of second- 
ary'^age.^® 

In some borings there was a sand layer 
belonging to the tertiary Lutetian formation 
(B, ) between the pleistocene top-layer and the 
tertiary Ypresian sandy clay-layer. In one 
boring Q group 605) & sand-layer of the second- 
ary Wealdien formation (W) was found between 
the limestone and the Ypresian clay formation. 

A certain number of borings were perform- 
ed. During the borings the water-level was ac- 
curately recorded, especially at morning be- 
fore continuing the boring. Depending on the 
permeability of the soil the water had oppor- 
tunity to come more or less to hydrostatic 
equilibrium. In this way the points indicated 
by a single circle In the fig. 1 are obtained 
and the points corresponding to a same boring 
are conuected with a dotted line. In these 
figures the depth underneath the soil surface 
is taken as an ordinate, and the piezometric 


waterheight corresponding to this depth as an 
abscissa. 

The pressures so measured during the 
borings are not necessarely exact, because it 
is not sure that in one night the hydrostatic 
equilibrium has been reached. But from their 
variation with depth can be deducted how many 
independent watertable s were met during the 
boring. Thus when a boring was finished, at a 
mutual distance of at least 2 m. , there were 
performed a certain number of complementary 
borings, at least as many as different water- 
tables were recognized. During the execution 
of these complementary borings the variation 
of the waterlevel was recorded as for the 
primary boring* The complementary borings were 
ended at different depths, and almost in dif- 
ferent soil layers. Open tubes, 2” diameter, 
were put in place. 

In the^e open tubes the fluctuations of 
the waterlevel were control ed during several 
months, thus giving a more exact value of the 
piezometric heig|ht at the level of the bottom 
of the tube. The so recorded values are indi- 
cated by crosses and a letter in the fig. 1* 

Group of borings 601. 

There is a different water-level in the 
loam layer and in the limestone layer. The pi- 
pes b and c, located at different depths in 
the sandy clay indicate that the waterpressure 
in this layer increases hydrostatically with 
depth, according to the water level in the 
loam. During the boring 601-a the waterlevel 
starts to drop underneath the level + II 5 . 

Thus it is as If a more impervious skin exist- 
ed near this level. 
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Group of iDorings 602* 

There is a different water-level in the 
loan and in the limestone. The pipes b an c, 
and also the waterlevel variations recorded 
during boring a. indicate that the waterpress- 
ores in the san^ clay layer follow a hydro- 
static law according to the waterlevel in the 
loam. 

Group of borings 603* 

Same conclusion as for group 602* 

Group of borings 604, 

Here the piezometric height in the lime- 
stone is nearly the same as that in the loam* 
IThus one gets a nearly hydrostatic law throu^ 
all the layers. 

Group of borings 605. 

The pipes c.d give a hydrostatic law in 
the sandy clay with respect to the water-level 
in the loam. The pipes a and b both in the 
sand give a hydrostatic law in the sand. It is 
worthwhile to note that during the boring a, 
the recorded levels in the sandy clay follow 
an hydrostatic law, the fall of pressure being 
located in the sand. 

Group of borings 606. 

A sandy clay layer is located between a 
loam- and a clayey finesand layer, having dis- 
tinct water-levels. Pipes b and c indicate a 
hydrostatic law in the sandy-clay layer with 
respect to the water-level in the upper loam 
layer. 
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Group of borings 607. 

This group is composed of 5 pipes and 
shows 5 distinct layers, and 3 distinct water- 
tables. The variations of the water-levels re- 
corded during the borings themselves are 
rather erratic, but the measurements in the 
pipes give very concording results. 

The pipe d placed at the top of the clay- 
ey sand layer, sandwiched between the two 
sandy clay layers shows zero pressure. Pipe e 
shows a hydrostatic law in the upper sandy 
clay layer in respect with the open water-1 evd. 
found in this layer. Pipes b and c give a hy- 
o^static law in the lower sandy clay layer 
with respect to the water-level in the clayey 
sand layer. 

Group of borings 608. 

Pipes d and e show a hydrostatic law in the 
upper sandy clay with respect to the open wa- 
ter-level found in this clay. Pipes b and c in 
the lower sandy clay layer, and also pipe a in 
the limestone show a hydrostatic law with 
respect to the water-level in the clayey sand 
layer. In this case there should be no dis- 
tinct water-level in the limestone. 

Group of borings 609. 

The waterpresaures in the lower sandy clay 


layer and in the limestone seem to follow the 
water-level in the clayey sand. 
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Group of borings 610. 

The hydrostatic law in the lower sandy 
clay layer in respect with the water-level in 
the clayey sand layer, is shown by the pipes h 
and c, and also by the records during the bor- 
ing 610a. 

Group of borings 611. 

The pipes b and c show a. hydrostatic law 
in the lower sandy clay layer in respect with 
the water-level in the clayey sand layer. It 
must be noticed that the records during the 
borings themselves are very different from one 
boring to another especially in the clayey 
sand layer. Of course these records have only 
a relative value, as already has been explain- 
ed. 

Group of borings 612. 

The only difference from the other groups 
is, that here a fine sand layer between the 
lower sandy clay-layer and the limestone has 
been encountered. 

All other groups of borings and pipes of 
the cut at Godarville give analogous results. 
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CANAL CUT AT SIGENBILZEN FOR THE ALBERTCANAL . 

To cut the crest between the basins of 
the Meuse and the Scheldt a cut of a maximum 
depth of 29 m was dug at Elgenbilzen for the 
Albertcanal. At this location the following 
layers are generally found, starting from the 
soil-surface: 

1) loam 

2) in some places cobblestones, in other hill- 
sidewaste. 

3) a^pleistocene layer of fluviatil origin 

4) a pleistocene gravel (Pl^) 
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5) a grey fiae saad belonging to the teriary 
Hupei ian sand . ^2d^ * 

6) a bronm-grey clayey fine sand belonging to 
the tertiary Hupelian sand ^2d2 

7) a green-grey fine sand belonging to the 
tertiary Hupelian sand 

8) a black-grey sandy clay belonging to the 
tertiary Hupelian clay R2^ 

9) a black-grey fine sand belonging to the 
tertiary Hupelian sand R2^j 

10) a grey-blue clay belonging to the tertiary 
Hupelian clay 

There, idiere the Hupelian sandlayers 
®2dl* ^d2 ^2d3 found, the Pleistocene 

formations Pl^^ and PI2 don’t exist. 

The physical properties of a typical sam- 
ple of the principal layers are given in t^le 
II. 

To" obviate the waterpressures in the dif- 
ferent layers longitudinal and transversal 
drains were provided, as indicated on the sec- 
tions of the figures 2. The transversal drains 
are located on mutual distances of about 20 m. 

After the canal cut existed already sever- 
al years, 54 pieaometers were put in place, as 
indicated on the figure 4, Twenty piezometers 
have their end in more pervious layers and are 
of the open type; fourteen others have their 
end in clayey layers and are of the closed 
type « 

The open piezometers are steel tubes with 
an internal diameter of 2”. The end of each of 
the piezometers is perforated with holes and 
surrounded id.th a metal gauze over an height 
of 25 cm. After the tubes have been lowered in 
the hole of the boring, the filtering end is 
surrounded with clean coarse sand. Above the 
sand clay was put around the tubes and care- 
fully compacted, while the boringtubes were 
extracted. 

The closed piezometers consist of dia^ 
meter steel tubes, connected to a capillary 
mercury gauge. At their end the tubes are per- 
forated over an height of 15 cm and surrounded 
with metal gauze. A scheme of the closed piezo- 
meters is given in figure 3. The open piezome- 
ters are indicated by numbers, the closed by 
capital letters. 

Before pu'^ing the 3^ more accurate piezo- 
meters Into place, some 4^” diameter tubes al- 
ready had been put. The latter are indicated 
by Homan numbers. 

Section 1 a (Left Bank) fig. 2a. 

There ara independent water-levels in the 
sandlayers H2^ and The open tube I and 

the closed piezometers A and B are put in the 


clay layer Rp , The recorded waterpressures In 
this clay-layer are much higher than those cor- 
responding to the water-level in the lower 
sand layer H2^- The waterpressures recorded 
with the closed piezometer B are higher than 
those recorded with the open tube I altough 
located nearly at the same spot. In the fine 
sand layer Hg^^ there is a water table inde- 
pendent from that in the fine sand layer 

It is worthn^ile to note that the loca- 
tions of all the piezometers are not more dis- 
tant than maximum 10 m from the transversal 
drains. 


Section 1 a (Right 'Bank) fig. 2 b. 

There are independent watertables in the 
sand layers H2d3* ^2dl ^ ^2b* brovm- 

grey clayey finesand layer R2(j2 located 

the closed piezometers C and D. The waterpress- 
ures of these piezometers are not influenced 
by the waterlevel in the lower sand layer R2(ii« 

The waterpresaure given by D is even higher 
than that corresponding to the waterpresaure 
in the upper sandlayer and the piezome- 

ter 0, though located at the base of the clay- 
ey layer practically a hydrostatic 


pressure in respect of the watertable in the 
sandlayer 

In the claylayer R2>j are located the clos- 
ed piezometers A and B,^and the open pipe I. 

The recorded waterpressures don't correspond 
to the watertable in the lower sandlayer H2^. 


The waterpressures given by the closed piezo- 
meter B are higher than those deducted from the 
open pipe I, although having nearly the same 
location. 


Section 51 (Right Bank) fig. 2c. 

There are independent waterlayers in the 
layer PI2 of fluviatil origin, in the pleisto- 
cene graVel Pl^ and in the sandlayer R^b* 

In the cls^lsyer ^2c ^ ^ ^ closed piezo- 
meter A. Although located at the base of the 
claylayer, the piezometer is practically not 
influenced by the waterlevel in the lo.wer sand- 
layer R2^. 

Section 41 (Left Bank) fig. 2d. 

There are independant watertables in the 
layer PI, of fluviatil origin and in the sand- 
layer R2b* In the claylayer are put the 

closed piezometers B and C. The waterpressures 
in them are not influenced by the watertable 
in the lower sandlayer R^v* 

In the claylayer R^^q^Is put the closed 
piezometer A. The recoiled pressure is nearly 
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hydrostatic with respect to the water-level in 
the upper sandlayer 


Section 34 (Left Bank) fig. Se. 

In^pendent watertables are found in the 
layer PI. of fluviatil origin and in the sand- 
layer 


In the claylayer closed 

piesoaeter C* although located very near the 
base of the claylayer, it doesn't show any in- 
fluence of the waterlevel in the lower sand- 
layer, but the recorded pressure is nearly hy- 
drostatic with respect to the waterlevel in the 
upper pervious layer Pl^. 

In the claylayer were put the closed 

piezometers A and B, which give nearly hydro- 
static pressures with respect to the water-level 
in the upper sandlayer 


GENERA!. REMAP 

All of the piezometers are not more dis- 
tant than max 10 m from the transversal drains, 
Some are even located at only 4 d 5 n, from 
these drains* In spite of these very short dis- 
tances, the piezometers located in the clay- 
layers, and even those located in the clayey 
layers, are practically not influenced by the 
existence of these drains. At the contrary the 
waterpressures in all the sand- and gravel - 
layers are very Influenced by the same drains - 

GENERAL CONCLUSION . 

Ihe waterpr assure measurements performed 
at Godarville and Eigenbilzen indicate that in 
case of claylayers located between more per- 
vious layers, in which exist two independent 
water-tables, the waterpressures in the day- 
layer are practically not Influenced by the 
water-level in the lower pervious layer, but 
are generally nearly hydrostatic with respect 
to the water-level in the upper more pervious 
layer. Xhese results are surprising, because 
the waterpressure in the clay should be expect- 
ed to be a mean between the upper and the lower 
watertable. The much higher recorded water- 
pressures are a very peculiar fact for the 
stability of slopes in claylayers. 'Shen deep 
cuts are to be made in such layers it is thus 
suggested to control the waterpressures in the 
claylayers by means of closed piezometers. 
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loading tests ca? clay 

STEN ODENSTaD 

The Royal Swedish Geotechnical Institute. 


SYNOPSIS . 

This report deala with the strength of 
clay. In certain borderline cases, iriiere 
ground rupture has occurred at a known load, 
the strength according to computation by 
tentative sliding surfaces is compared with 
the strength obtained in the laboratory by 
nonconfined compression tests and by Swedish 
cone tests on uMisturbed soil samples taken 
from the same ground. A hypothesis is stated 
for the relation between the strength of the 


soil sample and that of the native soli, in- 
dicating in principle how strength of soil 
may be obtained. 

INVESTIGATIONS . 

In the laboratory, nonconfined compres- 
sion tests are made on "undisturbed" soil 
8a]q>les according to fig. 1. The vertical 
normal stress is increased from zero until 
either real rupture occures, usually in an 
inclined sliding surface, or the height of 
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the sas^le has been decreased 10%t this strain 
bein^ considered eq^ui valent to a real rupture* 
During the test the soil senple is placed in 
paraffin oil, preventing it from drying. The 
rate of the load increase is 0,05 kg/cm2h. 
for such fine-grained clays, as are now in 
question, this rate is great enou^ to render 
the consolidation of the saiaple negligible* 

The strength according to the test is T 
a'/Z at rupture* 

Thft cone test is another method of ob- 
taining the strength of clay, which to some 
extent is used in geotechnical laboratories 
in Sweden and also in the other Scandinavian 
countries* In this teat one observes bow deep 
a small metal cone with sharp point sinks In 
the soil sample, when released from the posit- 
ion where the point touches the surface of the 
sample* By means of stability computations of 
known borderline cases, where the soil is coi>- 
side red to be near rupture, one has obtained 
a relation between the impress depth of the 
cone and the strength of the soil* 'fhis re- 
lation is different for different kinds of 
clay* 

Usually the strength, according to non- 
conflned compression testa in the laboratory* 
is lower than the real strength of the soil 
according to computation with sliding surfaces* 
As an example from practice a stability com- 
putation for a slope of a clay pit in a brick- 
yard at Falkenberg (fig* 2) may serve. The 
slope is 14-15 m high and very long* After a 
slide, which raised the bottom of the pit 2 
or 5 m, a geotechnical survey wae made, the 
results of idiioh are shown in fig* 2* The na- 
tural ground, in wbXch the pit is dug, has a 
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top layer of sand, 7 m thick, and under it 
down to a great depth clay and silt with thin 
layers of ”mo** (grain size 0,2-0,02 mm). A 
stability computation was made for the ten- 
tative sliding surface shown on fig* 2, as- 
suming that the slope before the slide was as 
shown by a dashed line on the flgul^e• Giving 
different importance to the different soil 
samples according to the length along the 
sliding surface which they represent, the 
average value for the cone tests Is 0,52 kg/cm^ 
and that of the nonconfined compression 
tests 0,28 kg/cm2. The stability computation 
shows that the shear stress along the ten- 
tative sliding surface in the part through 
the clay is 0,51 kg/cm^, and thus in accord- 
ance with the cone test but greater than the 
nonconfined compression test. These results 
are representative for many such cases* 

In order to investigate further the re- 
lation between strength according to stabil- 
ity computations and strength according to 
laboratory experiments the author has made 
loading tests on clay in the field. These 
tests were conducted in pits 1,1 m deep and 
2,0 m square, which were cut through the dry 
crust to the underlying soft clay. In the 
test place the ground has never been consolldar 
ted by any overburden. The soft clay was homo- 
genous in the thin layer, the stren^h of 
which was tested* The test slab was made up 
of steel beams and steel plates and was rigid 
collared with the clay. Its area was 2,0 x0,4m 
square, and it was placed on the levelled 
bottom of the pit along one of the sides. The 
load was applied on the centre of the slab 
from a steel bar 1 m in height, which had a 
bearing at each end and which before the test 
was made exactly vertical with water-level* 

The load was produced In a special loading 
test device by pouring water into a barrel, 
the total weight applied to the steel bar 
being enlarged 10 times by a lever arrangemaaih 
The device was arranged in such a way, that 
only the load from the test slab acted on the 
tested earth volume* The load was increased 
at such a rate, that the rate of the shear 
stress inereaae in the presumed sliding sur- 
face was the same as in the nonconfined com- 
pression test* The sinking of the slab was 
measured by micrometer dials at its 4 centers. 
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and tb« raising of the pit hottoa beside the 
slab vss Asaaared at 8 points along a line at 
right angles to the len^h of the slab drawn 
from its centre. The load was increased until 

S ound rupture occurred. The rupture was very 
Btinct as seen in fig. 3, idiich for one of 
the teats shows the ainhing of the comers of 
the slab and the corresponding load. The load- 
ing testa were made in 9 pits* 



The load at rupture being q, the shear 
stress f B ill the circular arc sliding surface 
is computed to Tb - 0,173 <1 the stabilizing 
moment of the shear stresses in the end faces 
of the moYlng soil mass being tahen into ac- 
count. In each test pit 4 soil samples were 
takdn, on which nonconfined compression test 
end cone test were made in the laboratorT-. 

The results from the loading tests and the 
laboratory tests are collated in fig. 4- The 
results of the nonconfined compression tests 
appear to correspond well to the real strength 
of the soil, while the values of the cone 
tests are somewhat too high. 
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tmoBMicM. npLtamoi. 

Is mentioned . above the nonconfined com- 
pression test usually gives too low strength 
values. The author will give a tentative ex- 
planation of this circumstance. This ei^la- 
nation also shows in the loading tests 
described above the relation between the 
strength according to laboratory tests and 
the real strength of the soil (i.e. according 
to stability computation at ground ruptum) 
diverged from its usual value. JPbr this pur- 
pose the stress conditions of the soil be- 
fore and after the sampling in the laborstoiy 
test are considered. 

The clay is considered as a 2-pha8e 
system consisting of a solid phase, the grain 
skeleton, end a fluid phase, water. To the 
solid phase may then be assigned that part of 
the water which, owing to molecular forces, 
more completely adheres to the grains and 
possibly surrounds them as a more or less 
solid envelope. The fluid phase cozxslsts of 
ordinary water. The strength of the clay, i.e. 
its capacity for transmitting shear stress is 
then identical with the strength of the grain 
skeleton. The grain skeleton is considered as 
a somewhat yielding but yet solid body pos- 
sessing cohesion, owing to internal molecular 
forces, and internal friction. Slow shear 
tests, which have been published, show that 
the angle of internal friction of clay, i.e. 
of the grain skeleton, usually is arc tg 0,2 
to arc tg 0,4. The rupture condition of the 
grain skeleton Is shown in fig. 3 where 
Mohr's representation is used and the angle 
of internal friction is presumed as arc tg 
0,3i the principal stresses and p2 then 
cause rupture if the revelant Mohr's circle 
touches the inclined straight line that ie 
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characteristic for the substance. In order to 
illustrate the stress conditions someirixat 
further we may assume that the grain pressure 
in the soil a^er aaispling is p^ (fig. 6). 

This ^ain pressure is hydrostatic, i.e. equal 
in all directions. Furthermore we assume that 
the grain skeleton behaves like a homogeneous, 
isotropic elastic body following Hooke's law. 
The soil sanrole being subjected to nonconfined 
compression of the amount Oi the normal stress 
in the grain skeleton increases bynp. « 2/30* 
in axial direction and decreases by s pp -1/3 (r 
perpendicularly to the axis, and, the poM 
water pressure increases by 1/3 <r. The total 
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change of pore water pressure and axial grain 
pressure then eauals the load; further the 
equationnpi - Snpg - 0 is valid, i.e, the 
volume of the grain skeleton is un ch a n ged, the 
pore water preventing volume change. The shear 
strength of the soil sample is found to he T 
If, instead of this, the sample is subjected 
to direct shear test at constant water con- 
tent, the equation d PI - a p 2 is valid, and 
the shear strength Ts is obtained. 

If an entirely undisturbed soil sample 
could be taken, the original vertical and 
horizontal grain pressures should be convert- 
ed during the sampling to a hydrostatic aver- 
age pressure pi of such a magnitude that the 
volume would be unchanged. The shear strength 
ri should then be obtained in the laboratoipy 
C^ig. ?)• Ill reality also an "undisturbed" 
soil sample becomes somewhat disturbed during 
the sampliiag, as is apparent inter alia from 
confined compression tests. The grain skelet- 
on may now be compared to a kind of frameworic 
having the grains as bars and eigposed in the 
ground to the internal average stress pi . 
During the sampling the adhesion between the 
grains break down to some extent and thus the 
grains find a chance to avoid the pressure; 
they turn and slide one on another and the 
average pressure of the grain skeleton or the 
fremewoik sinks to a lower value p^. Xn tlie 
laboratory then a shear strength tb I® 
tained which is lower than the shear strength 
T 1 of the native soil. Evidently the decrease 
or the grain pressure mentioned can take 



place without volume change precisely as the 
decrease of strength irtien clay is remoulded 
at maintained water content. 

It is to be ejected that in entirely 
consolidated clay layers the grain pressure 
and therel^ also the strength usually ^ould 
increase downwards. Such is the position at 
those testa with a rotating auger ^ich aw 
published by lyman Carlson in a report to this 
conference. In accordance therewith the ab- 
solute difference between the vertical and 
horizontal grain pressures of the soil pro- 
bably Increases downwards, at least in or- 
dinary cases. Therefore if an entirely un- 
disturbed soil saiBple could be taken, the 
change of the grain pressure during the tran- 
sition to hydrostatic pressure also should 
increase with the depth, from which the sample 
was extracted. The injury to the soil sample, 
i.e. the reduction of the hydrostatic grain 
pressure from pi to the lower value p*, there- 
fore seems to iiwrease with the depth from 
which the sample was taken, provided that it 
is caused by the change of the grain pressure 
mentioned above. The injury can also be caused 
by the sampler acting on the earth mass out of 
which the saiqile is stamped; also in this 
case the injury se«iis to increase with the 
depth from which the sample was taken, as the 
greater average grain pressure makes possible 
a greater pressure reduction in the grain 
skeleton. 

The hypothesis that the injury is great- 
er at greater sampling depth exglexna why in 
the laboratory the nonconfined compression 
test and the rapid direct shear test give 
lower strength then corresponds to the real 
lo^ in those cases, (e.g. Falkenberg) where 
the hearing capacity of the earth to a great 
extent depends on the strength of rather deep 
layers. The circumstance, that the cone test 
often gives a better result, is dure to the 
fact that it is calibrated from such cases. 
Furthermore the hypothesis explains why on 
the other hand the load tests in the field 
A-nA hhe nonbonfined compression tests in the 
laboratory belonging thereto correspond fai^ 
ly well; owing to the small sampling depth in 
this case no pressure reduction in the grain 
skeleton occurred at the sampling. The reason 
why the cone test gave somewhat too high 
values may be explained by the circumstance 
that it is calibrated from cases where the 
sampling involves strength reduction of the 
sample. 

Thus, according to the stated hypothesis 
the following should be observed. Prior to 
executing the nonconfined compression test 
or the rapid direct shear test in the labo- 
ratory, the sample should consolidate in suda 
a way, that its grain pressure is restored to 
the same value as in the native soil. Other- 
wise the strength should be determined in 
some way directly in the ground. (The reader 
may compare with the conference report by 
lyman Carlson concerning a rotating auger). 


SUMICARY . 

Experience shows that nonconfined com- 
pression tests and repid direct shear teats 
at maintained water content give lower strength 
than corresponds to those normal loading 
cases, idiere the bearing capacity of the 
earth at least partly depend on the strength 
of rather deep clay layers. The inferior 
strength of the soil sample is explained by 
the average grain pressure beixig reduced at 
the 8a]q>ling. The grain skeleton is thereby 
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considered as a kind of framework under pres- 
sure in the earth I at the sailing the soil 
seople is Injured in the manner that the "har^ 
of the frameworky the grains, to some extent 
turn and slide one on another, whereby the 


aTerage grain pressure sinks from pj to pa 
and^ according to fig, 7, the shear^ strength 
from T i This statement conforms also 

vith loading- tests idiich have been carried 
out* 


III Q 4 MEASDRatEHT OF PORJfi WATER PRT^URE 

Xr« T«K, HCnZXNGLi 

Director of the Soil Mechanics Laboratory, Delft, Holland 


INTBODCJCTIOH , 

In the Proceedings of the First Confe- 
rence on Soil Mechanics Bingellng and Bie- 
mond reported on the measurement of pore wa- 
ter pressure In peat and clay layers (F 8, 
F 9 )« The iiqportance of such measurements in 
view of the preparation, the design or the 
construction of civil engineering woriEs needs 
hardly be stressed nowadays. Since then many 
measurements have been carried out in the 
Netherlands, in most cases under the guidance 


or ui^er the supervision of the Laboratory, 

In the course of these measurements we en- 
countered various difficulties which had to 
be overcome, resulting in the gradual improve- 
ment of the apparatus. 

OBJBCT . 

The measurements may serve several ob- 
jects, e.g, to collect the necessary data for 
the estimation of the probability of earth 
failures in excavation works, both for a con- 



Meesured temperatures in 19^2 

FIG .1 
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stant and a variable hydrostatic pressure in 
the underlying layers of stod, to calculate 
the stability of slopes and hence to control 
the construction speed in earth works | to pre- 
dict the continued settleoent of a fill at 
any time after construction, to estimate ho- 
rizontal forces on pile groins under abutments 
or other retaining walls, to evaluate pile 
driving data, for research, etc. 


CONSTRUCTIOH . 

At first the filters were placed in a 
previously made borehole and embedded in suit- 
able graded sand in the same way as when in- 
stalling ordinary water gauge pipes. Because 
it is to be feared that the soil fill in the 
borehole may permit communication with layers 
of different pore water pressure, nowadays 
the pipe with the filter is forced into the 
ground, resulting at the sane time in less 
disturbance in the nei^ibodrhood of the fil- 
ter. Owing to the displacement of ttie soil 
round the filter, some initial excess press- 
ure in the pore water will develop, so that 
one must wait one or more days before the cor- 
rect value can be read. In the beginning the 
filter pipe was connected by means of a hol- 
low lead-cable to a mercury pressure gauge 
erected away from the construction works. It 
appeared however that the cables were not suf- 
ficiently watertight. Now the pressure gauge 
is once more directly connected to the filter 
pipe. 


ECTBOT OP TSMFBRATUEB . 

The mercury pressure gauges installed on 
the surface are in a vulnerable position and 
are liable to freeze during frost periods. To 
counteract this, they were at first placed in 
wooden boxes, which were heated during the win- 
ter, An other way was to use oil or liquid 
parafine instead of water in the upper portion 
of the pipe. This required much attention and 
therefore nowadays the filter pipes are plac- 
ed with their tops 80 cm to 1 m under the sur- 
face and an ordinary Bourdon type pressure 
gauge is used, the whole beiaag covered by an 
insulated plate. Even during long and severe 
frost periods the temperature in the thus en^ 
closed box did not drop below 0® C, due to 
the transfer of heat from the earth. The curve 
in fig, 1 shows the relation between recorded 
temperature in the box and above. 


At the same time this arrangement re- 
duces the rise of temperature due to the ra- 
diation of the sun, which would have caused 
expansion differences between the material of 
the pipe and the water, with the ensuing ob- 
servation errors. 

BgPBCT OF GASCQNTENT Qg THE SCdL . 

In soils containing gas, trouble has 
been experienced from gas bubbles rising In 
the pipe. The gas accumulates in the upper 
portion of the pipe, causing a time lag in the 
readings. To avoid this an air lock is provid- 
ed, consisting of a glass tube in which the 
amount of gas present can be clearly seen .This 
gas can be locked out without appreciable 
change in the water pressure. In some cases 
Iche large amount of gas caught in the pipe ne- 
cessitated frequent lock-out operations, re- 
sulting in unreliable readings. Furthermore, 
in fine grained soils it has been found that 
the soil particles entered the pipe through 
the filter. To counteract this a porous pot 
was placed inside the filterptpe. In this way 
we have reverted to the tensimeters of Scho- 
field, used by him since long in agricultural 
woric and by means of which even pressures 
above the phreatic water table can be measured 
down to a pressure of about i atmospheric pres- 
sure. Thus the water pressure meter has become 
a vapour pressure meter by means of which at 
the same time easily the relative humidity in 
moisture laden spaces can be measured. Fig. 2 
shows a photograph of the described apparatus. 

The most inqportant advantage of a water 
pressure meter as compared to an open water 
gauge pipe la the improved registering of 
changes In pore water pressure, owing to the 
smaller amount of in- or out flowing water re- 
quired, 

YAPTOtJS INFLUENCES ON THE GSQUNDWATER TABIiS . 

In the course of our observations we of- 
ten found certain readings difficult to explain. 
Such readings do not necessarily result from 
faulty constrruction or arrangement of the ap- 
paratus because in the ground appreciable fluo- 
tuations of water pressure may occur, and we 
must also take account of the influences of 
tea^erature, atmospheric pressure, etc* When 
using Bourdon type pressure gauges or electric- 
al pressure gauges we should remember that we 
measure the difference of pressure with the 
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atmospheric pressure obtaining at the time of 
the calibration of the gauge « 

It Is useful to fora a clear Idea of the 
various factors Influencing the level of the 
phreatic water table or generally speaking the 
pore water pressure. 

1) The soil conditions. Soils are cosqposed of 
heterogeneous materials; they are built \sp 

from layers of different penaeabilities giving 
rise to apjparent water tables and to watw 
pressures that sometimes do not oorre8p<»id to 
the hydrostatic pressure. This may be associat- 
ed with 

2) The flow of the pore water. If the pore wa- 
ter pressure does not follow the hydrosta- 
tic law. the water is caused to flow through 
the soil. An example is furnished by the read- 
ings taken at Amsterdam and shown in fig. 3« 

It awears that a very thin layer of peat prac- 
tically prevents ctMunuilcation between the two 
layers mth different water pressures, so liiat 


FIG.4 

drainage of the underlying sandlayer will have 
little effect on the pressures in the layer 
above. Also In dewatering or irrigation woiks 
a vertical flow may be caused. A reoilt of this 
can be that teiq}orarily thicker or thinner ca- 
pillary layers occur. 

3) Excess hydrostatic pressure. Besides the ex- 
cess water pressure caused by forcing the 

apparatus Into the ground, we know excess pres- 
sure caused hy loads on the surface, pile driv- 
ing , etc. Here too the water will flow, mostly 
in several directions. Dependent on the depth 
of the filter and the time of placing, the 
readings will vary. 

4) Strains within the soil. When measuring pore 
water pressures in the zieighbouriiood of pile 

groups in soft layers on which an oveiburden 
has been placed, we must be aware of the fact, 
that a certain friction may develop between 
the soil and the piles. The resulting dl^lace- 
menta in the soli may take place rather irreg- 
ularly causing corresponding sudden fluctua- 
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tions in the readings. 

5) Rainfall. Dependent on the conditions of 
the soil and the amount of water entering 
the soil, rather sudden changes in ground wa- 
ter pressure may occur. An example of this is 
furnished by the so called Idsse-effect where 
it is assumed that between the zone of capil- 
lary rainwater entering from above and the ex- 
isting capillary zone the air in the voids is 
compressed, causing a sudden rise of the phre- 
atic watertable. This rise is limited both by 
the height of capillary rise in the upper lay- 
er and by the weight of this saturated layer 
which finally may burst, so that part of the 
coaq^ressed air can escepe. An other example is 
the Wieringermeer-effect, where the soil is 
conpletely in a state of capillary saturation. 

A slight rainfall will break up the menisci 
causing the phreatic watertable to rise to the 
surface. 

$) Relative humidity. Experiments of Professor 
Thai Larssen at Wageningen show that even 
the very slight amount of water resulting from 
dew may effect an appreciable rise of the phre- 
atic watertable (fig, 4). On the other hand 
dessiccation of an upper layer consisting of 
several thin sub-layers, each with their own 
different heights of capillary rise, may re- 


sult in sudden fluctuations of the phreatic 
watertable. 

7) Frost action. It is well known that during 
frost periods the pore water pressure de- 
creases appreciable. Observations made below 
the frost depth show that the relative humid- 
ity there is very low, perhaps due to the dif- 
fusion of the moisture upwards in the fozm of 
vapour with subsequent condension and freezing. 
Wells lun dry until immediately after the on- 
set of the thaw when they start flowing again 
even without previous rainfall. Also in the 
drinkwater producing areas in the dunes this 
fact is well known although a satisfactory ex- 
planation has not yet been given. 

8) Atmospheric pressure. It is also well known 
that with a fall of the atmospheric press- 
ure wells may start flowing even without rain- 
fall. A theoretical explanation may be found 
only when we associate this phenomenon with the 
p3pesence in the water of gas bubbles or dis- 
solved gases. 

These water pressures vaiy fairly sudden- 
ly. For the proper study of these phenomenons 
a quick registering water pressure meter is 
needed. It might be advisable therefore to use 
a meter, where the water vol'ome remains prac- 
tically constant. 
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AK ELECTRICALLY OPERATING FORE WATER PRESSURE CELL 
R,G. BOITEN 

Research-Engineer T,N,0» Dept# Stress-Analysis, Delft 
G. PLANTEMA 

Engineer of Public Works, Dept# Soil Mechanics, Rotterdam 


SUMMARY . 

For the solution of various soil mechanical problems exact and reliable water-pressure- 
meters are required. Up till now, the Dept# of Public Works of Hotterdam have made measurements 
by means of filters driven into the ground, provided with pipes, with Bourdon gauges, on which 
the water pressure can be read# As the use of this measuring system always forms an obstacle to 
the works being carried out, as it cannot be read at a distance, and has several other technical 
defects, an attempt has been made to develop another measuring system. 

In this report a waterpressure meter is described which can be read electrically, and does 
not have the defects of the system in use up till now, and nevertheless is of such small size 
that it can easily be driven into the soil without using a bore hole, so that the subsoil is 
disturbed as slightly as possible, Moreover the meter is very robust, and can be read in a sim- 
ple and exact way# 


Hitherto Public Works of Rotterdam have 
determined water pressures in the subsoil by 
means of a filter, which is driven into the 
subsoil to the desired depth and is connected 
with a Bourdon gauge by tubes. After these 
tubes have been completely filled with water 
and connected with this gauge, the height of 
water or of suction which corresponds with the 
watertension around aind in the filter, can be 
rbad on it. (fig. 1). 1) 

However, several difficulties arise in 
using this system, such as: 

a) the being of an obstacle for the work being 
carried out; 

b) the impossibility to registrate at a dis- 
tance, vriaich is so troublesome that in cer- 


tain cases, the experiments were given up, al- 
though they could have yielded valuable data; 

c) the possibility of leakage in the connec- 
tions of the pipes, so that the measurements 

become unreliable; 

d) the freezing of accessories during a frost- 
period; 

e) on the one hand faulty indications owing to 
pressure differences in the water, on the 

other hand owing to differences in temperature 
of the water in the pipe, caused by differences 
in the temperature outside; 

f) faulty indications by the Bourdon gauge, in 
consequence of the overloading of the de- 
forming torus 2). 

In view of these difficulties, a water- 
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pressure meter of quite another type was pro- 
jected as shown in fig. 2 , 

After this apparatus has (prior to use) 
been filled with water and then driven into the 
ground, it is read electrically, so that the 
connection between the meter and the measuring 
apparatus only consists of an electric cable. 

It is obvious that the faults inherent in 
the other system are surmounted here, and that 
nevertheless the dimensions of the meter have 
remained so small that it can easily be driven 
into the ground without using a borehole. 

The requirements which are to be made to 
this meter, are the following: 

1) The waterpressures must be measured in a 
part of the subsoil which is scarcely dis- 



turbed. 

2) After the meter has been driven into the 
subsoil, it must enable to measure as soon 

as possible the occurring watertensiona, and 
moreover, to register fluctuations with as small 
a time-lag as possible. 

3) The errors to be made must lie beneath abt. 

1 or 2 percents, jdilch can be realised with 

the present state of technics of measurement, 
and which suffices also for soil-mechanical 
purposes. 

4) The meter as well as the regtstration-aqppa- 
ratus must be as robust as possible, while 

the use of it must be as simple as possible. 

A brief description of the meter follows 
with reference to the figures 2 and 3* 

Starting with the essential point it can 
be said that the water-pressure by means of 
the contact canals is transferred to the mem- 
brane. Its deformation is a measure for the 
water-pressure and it is this deformation which 
is registered by a wire-resistance strain 
gauge, cemented to the membrane. It must be ob- 
served that the water-room, connecting canal 
and contact canal of the meter, before the 
latter is pushed into the ground, are complet- 
ely filled with water, for which purpose the 
point is first screwed off. 

The contact-ceinals are capillaries, so 
that, after the meter has been completely fill- 
ed with water, no water can run out of it, and 
no airbubbles can enter. After the meter has 
been put into the ground, neither babbles of 
gas in the soil, if present, can enter. The 
flow of water into the contact-canals occurring 
with pres sure- differences, viz., is too small 
for itj this point will be referred to after- 
wards. The position of the canals has been 
chosen in a slantingly upward direction, in 
order to prevent particles of soil from being 
pressed into it when driving the meter into 
the ground. 

Over the membrane there is a space for the 
electrical circuit, which is Icept dry by means 
of silicagele. The rest of the meter constitut- 
es a perfectly watertight unit. 

As well-known, the wire resistance strain- 

WIRE RESISTANCE 
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gauge is a thin wire of a resistant na- 

tal, lAlch. is cenented to tba construction. If 
the aenbrana becones actirot ‘Uiia wire under- 
goes an elongation, by ehich its resistance in- 
creases. fhis change of resistance is neaaured 
by aeans of a ehaatstoiia bridge (fig. ^). 

Two ams of tba bridge (z atrau gauges) 
are In ^ water pressure cell; the two fixed 
ama are in a snail box, in which ttie power 
batteries of the bridge are pieced. The scale 
of the slidewire potentlo neter can. If desir- 
ed, innedlately be calibrated. With a snail ex- 
tension this neasuring unit can be nade suita- 
ble for succasslve reading of a great nany 
water pressure cells. 

Pushing the neter into the ground can be 
done with ly** tubes by means of the apparatus 
shown in fig. 4, 
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Row Idiat the description of the meter has 
been given, It can be seen to uhat extent the 
requirenents sub 1 up to 4 have been net. 

Sub 1. The . water pressures must be measured in 
a part of the subsoil disturbed as 
silently as possible. Therefore the diameter 
of the meter has been made very small (3.8 cn), 
so that it can be pushed into the grou^ to 
the desired depth with a snail force awd little 
disturbance of the soil. No use Is made of a 
bore hole, which generally spoken changes the 
stress conditions in the subsoil, and there- 
fore gives rise to less accurate measurements. 
Apart frM a diameter as small as possible It 
can be said, too, that the contact of the meter 
with the surrounding pore water must t^e place 
in a part of the subsoil idiich is disturbed as 
sllE^tly as possible, so that the contactcansls 
are projected In the lower part of the sharp 
point of the waterpreaaure meter. Bowever, the 
construction can ^111 be Improved, by the ar- 
rangement as shown In fig. 3 . Here the water- 
pressure can be measured at a spot,, where the 
ground is only slightly disturbed. 

Sub 2. The condition that the meter must adapt 
itself soon to the pressure of the sur- 
rounding water, requires tnat the flowing of 
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TOre water from the subsoil into the meter, 
t necessary to equal the pressure in and outside 
the meter and to stretch the membrane), be 
minimal. 

Ibe meter being entirely filled with wa- 
ter '•before** It is pushed into the ground, the 
magnitude of this flow is determined by the de- 
flection of the membrane. This membrane is con- 
structed in such a way that for an increase of 
pressure of 10 t/m^, a flow of only may is 
required, idiich safely may be called a small 
amount. Consequently, the time of adaptation la 
veiry short, as appears from the rough and read^ 
calculation mentioned below. 

Assuming that, e.g. : the pressure In the 
pore water rises by 10 t/mf, while the contact- 
canals (12 canal a) idien putting away the meter, 
have possibly been choked up by a piece of clay 
of very low permeability of e.g. 1 mm thickness, 
then, with a required displacement of 0.0057 
emy water, the time requi^d for the displace- 
ment can be calculated from the equation 
Q 

t « ■ ■ ■ 1 (d* Arcy), in ^ich 

k.i.f.’ 


li « qiiantlty of inflowing water per contact- 
canal 

. 2^222 . 0.000475 e.5 
k > coefficient of permeaMlity of this clay 
« 10“^ cm/ sec. 

1 ■ hydraulic gradient In tiie piece of clay 
at the opening of the contact-canal 
• 3-QOO 

0.1 

f * the surface of the contact-canal 

■ O.O075 cm^. 

From this It results that the time t«abt. 
600 sec. or 10 min«. idilch Indeed can be re- 
garded as quite satisfactory. 

If the contact-canal is closed by a more 
permeable piece of soil, the time of adapta- 
tion becomes orders of magnitude smaller, and 
consequently will be seconds or fractions of 
thoa; a permeability of 10“°cm/8etf. can be 
considered as a very low figure. 
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HoreoTer It has been proved from esmeri- 
ments that the piece of soil at the opeiung of 
the contact-canid has a thickness of less than 
1 a&i so that this figure* too. in the equation 
of d*Arcy tends to a maxtaua tine. 

Sub 3* With respect to the measuring accuracy 
it can be said that with the new appa- 
ratus an exactness of 0.1 to 0.2 can be reach- 
ed* while with a more robust transportable unit 
an exactness of 0.5 % was realised* On account 
of other possible faults, in practical cases 
errors of 1 to 2 will be probable. These 
faults originate in the following factors t 

a) The connection cable used between water 
pressure cell and recording apparatus may be 

Imperfect; 

b) The air- volume over the membrane In the wa- 
ter pressure cell gives rise to pressures 

on the membrane, when changes of barometric 
pressure and temperature occur. 

However, if necessary, these faults can be 
eliminated by measuring the open air-temperat- 
ure when adjusting the zero point of the meter 
before it is brought into the soil and by read- 
ing the barometric height during the measure- 
ments* It is a favourable circumstance that the 
temperature of the groundwater practically is 
constant • 

Sub 4. The recordinij apparatus can, indeed, be 
constructed sufficiently robust. The 
most sensitive part forms the galvanometer in 
the meter branch. By applying an electronic am- 


plification. a stronger instrument can be used. 
Recording can take place in two ways; 

a) By reading the result from the galvanometer; 
the deflection of the pointer is proportion- 
al to the change of resistance of the gauge* 
and therefore with the waterpressure ; 

b) By balance the bridge with the slide-wire- 
potentio meter (current through the meter 

zero). The angle of turning of the potentlo me- 
ter-knob is now proportional to the water pres- 
sure. 

The method mentioned sub (a) requires not 
a single manual work; with the method mention- 
ed sub (b) one knob must be turned. However, 
with the latter method more accurate recording 
is possible. 

The actual construction is contained in a 
small portable box, and has proved to resist 
rather rouc^ treatment. Moreover, as it requir- 
es very simple attendance, it .is fully suitable 
for field work. 

The pore water pressure cell itself is 
practically non-destroyable, 
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SUMMARY . 

Formulae published to-date for the determination of the natural frequency of machine foun- 
dations contain at least two coefficients which depend on the soil beneath them - the dynemic 
modulus of soil reaction and the average vibrating mass of the soil. It is customary to use sepa- 
rate formulae and coefficients for the cases of vertical and horizontal vibratory forces* No 
satisfactory methods have, however, been developed to-date for the determination of these soil 
coefficients in advance of design and construction* 

The present paper gives a brief outline of published relevant model test results pezrformed 
by the "Degebo" in Germany* by ”Vi08” in Russia, and by Princeton University in the United States. 
Also mentioned are some full-scale observations carried out in California axid a so-far unpublish- 
ed resonance ease of compressor foimdations In a pumping station in the U« S. is discussed in 
soma detail. 

Formulae are developed which show that for the case of vertical vibratory impulses the natur- 
al frequency of a foundation is dependent on the average unit pressure on the ground distributed 
over its entire area. These formulae can be used for the determination of the "reduced natural 
f^^qusncy #ilch is eq[ual to the natural frequency for a given size of foundation area and 

type of soil idien the unit pressure on the ground Is equal to unity. A graphical comparison of 
available data from different localities shows that this reduced natural frequency " U)^" is pri- 
marily affected by the size of the foundation area and only to a aomeidiat lesser degree by the 
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properties of the soil. In-8ome cases it does not seem to be affected at all by the direction of 
the vibratory impulses. 

iThe effect of piles on the natural frequency of a foundation is briefly discussed. 


PUBUSHBD DATA ABOUT PBSVIOOS STODIBS . 

Very little, experimental data has been 
published to date on this subject. 

The conventional natural frequency for- 
mula for undamped vibrations reads: 

u, - (1) 

" 2-rr V M 

natural frequency of the vibrating 
system; 

mass of the vibrating system; 
linear spring coefficient of the 
support • 

Hesonance occurs when the frequency of 
the exciting forces Is equal to the natural 
freqaency of the system. 

Lorenz 1) perfonned experiments with vi- 
b ration-producing machines of the German Re- 
search i^clety for Soil Mechanics (” Degebo ") 
and subsequently transformed formula qI) to 

( 2 ) 

" 21T V Wg+W^, 


where: ^ 

H 

k 


where: A * contact area between baae of vi- 
brator machine and the soil; 
k* » kA » dynamic modulus of soil re- 
action, or the volume spring co- 
efficient. 

g ■ acceleration of gravity; 

- Weight of vibrator machine, In- 
cluding its fouiadation; 

Wa - Weight of vibrating soil. 

During the experiments which led to the 
development of formula (2) the machines were 
employed to produce continuous vertical har- 
monic vibrations. Any possible damping effect 
of the soil was neglected in setting up tiie 
formula. Tests with one standard type of vi- 
brator were perfoimed on a wide range of soil 
typea, Experiment s were also performed by the 
"Degeho” whereby the machine was set to pro- 
duce harmonic horizontal vibratory forces al- 
ternating with rotational vibratory forces 
around its horizontal axis. The natural fre- 
quency for this condition was equal to app. 50 % 
of the value found for vertical vibrations 1) 
No earoeriments with purely hoilaontal 
vibratory forces were reported. 

In analysing the results of tbe tests on 
footings ranging from 2.7 sq. ft. to 10.7 sq, 
ft. area subjected to vertical vibratory forces, 
lA>renz 1) arrived by Izxdirect reasoning to 
the conclusion that a definite mass of soil 
took part in the vibration at resonance and 
that this mass neither depended on the unit 
contact pressure between the base of -^e vi- 
brator and the soil, nor on the size of the 
contact area between the vibrator base and the 
soil. The vibrating soil mass, however, appear- 
ed to Increase in size - (from four to ten 
times the weight of the vibrator) - with an 
increase in the magnitude of the vibratory 
forces. Lorenz further concluded that the na- 
tural frequency Itself was only lightly af- 
fected by the size of the contact ax^ea between 
the soil and the base of the machine. 1) 

(7ig. 3). Most of the above conclusions were 
based on coiq;>aratlve coag^utations whidi appear 
to involve the assuoption that the dynamic mo- 
dulus of soil reaction of a soil is indepen- 
dent of the Intensity of the unit pressure on 
the surface of the ground. 

B^an 2) 4) reported the results of 
extensive large-scale model tests performed 
in Russia by the Institute for Snglneexlng 


Foundation Research (”7108”). Tests were per- 
formed on one type of soil only - plastic 
clay. Thiee^model machine foundations were 
used of 2 m^; 4 m^ and 8 m^ base contact area 
with the soU (21.5 aq- ft.; 43 sq. ft,; 66 
sq. ft.) The determination of their natural 
frequency was performed by two methods. First 
^ the use of a vibration producing machine. 
Ims method gave clear vlbrographs for the 
case of vertical vibratory forces, but less 
clear ones for the case of horizontal vibra- 
tory forces. The latter teste were also per- 
formed by a second method whereby tbe vibra- 
tion was Induced by means of a single hori- 
zontal blow. In contrast to the "Degebo" re- 
sults the natural frequencies thus obtained 
did not differ by more than t 11% from the 
corresponding values produced by vertical im- 
piilses 2) (See tables No. 3 and No. 11). 

The analysis of the results was performed 
mainly for the purpose of determining the 
values of the moduli of soil reaction both 
for the case of vertical forces and for the 
case of horizontal forces. To that end in the 
relevant computations the mass of the vibrat- 
ing soil was assumed to be zero. However, by 
indirect reasoning the conclusion was al^ 
arrived at that the maiss of the vibi^ating 
sell cannot be neglected, but that its value 
must lie between two -thirds and one and a half 
times of the combined mass of the vibrator and 
of the foundation. This is much less than the 
value estimated by Lorenz. 

The G. S . Coast and Ge odet ic Survey 3) 
has pubiisnea an extensive investigation of 
earthquakes in California. It Includes a table 
of data conoer^nlng some 212 buildings and the 
soil types on which they were built. Tbe table 
gives the recorded frequencies of horizontal 
vibration of these buildings as a result of 
wind pressures. Some 93 buildings of those 
submitted had a rectangular shape. The com- 
parison of the records of these buildings 
shows that their horizontal natural frequen- 
cies decrease appreciably with the height of 
the building. 

Extensive studies of the effects of vi- 
brations on the bearing properties of soils 
were performed at Princeton Hniversity in 
1943/46, 5) 6) Tbe y were carried out on a 

comparative basis and only few natural fre- 
quency determinations were made, mainly for 
the purpose of avoiding the performance of 
later tests at frequencies close to the reso- 
nance range of the vih rating system, 

CAjSB OF OOUreESSOR FOUNDATION HBSCatAHOE 
TROUBia AT A PUMPING STATIOW . 

The following analysis of a so-far un- 
published case may serve to illustrate the 
factors which affect the resonance of a full- 
scale machine foundation. 

A pumping station was recently erected 
on a deep river deposit of silt and clay. No 
soil tests appear to have been made at the 
site, but the characteristics of this type of 
deposit in the general vicinity are approxim- 
ately as follows. In the saae boxing the liq- 
uid limit "WT," may vary from 30 % to IIC^; the 
plastic limit from 16% to 24%; the natur- 
al water content W** from 3p% to 70%; the liq- 
uidity index . 100 (w - Wp)/(wj^ - Wp) from ^ 

to 90%; the unconflned compressive strength 
from 0.40 T/sq, ft, bo 1,10 T/sq. ft., with 
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an ayerage strain at talluTs of 6^, This clay 
Is not ssnsltiys to rsnoldlng, the average 
▼alus of the smsitlrlty ratio **8" being equal 
to 3 end soaetines dreeing belos unity. 

The water level was less than a foot be- 
low the surface of the ground. Frictional 
tiaber piles of some 60 ft, length were ea- 
ployedt wproziaately ti^-flfths of then being 
batWr piles. The vertical piles were eabedded 
to a dmth of 8 inches in the concrete of the 
foundalaon blocks and were not otherwise con- 
nected to then. The batter piles were provided 
with light netal clips bolted by a single bolt 
to tbs head of the pile. The concrete founda- 
tion blodcs of the Individual coaqpressor units 
did not have any structural connection to ea^ 
other, 

Excessive vlbratlDn was found to take 
place after the puaplng station began operat- 
ing, Every indication pointed towards reson- 
ance phenomena of the compressor - foundation - 
soil system at the operating speeds of 300 r, 
p«m* dhe building and soil around the station 
shook violently, especially the individu- 
al cos^ressors happened to synchronise. Pipe 
connections were frequently damaged as a re- 
sult. 

This condition was remedied by the stai- 
tion engineers who provided a drainage system 
around it and by continuous puaplng lowered 
the ground water table to approximately the 
elevation of the pile heads. Excessive vibra- 
tions were then repoirted to have stopped. 

Since this measure by removing buoyancy in- 
creased the effective weight of the fouziiation 
only by Boae ?%» the value of its natural fre- 
quency was well defined. 


COMPABATIVE AHALYSIS OF AlXi AYAIIABIE DATA BY 


TBE "REDUCED HATORAL FHBl^aBNCT" UBTHQD . 


An attempt to analyse by conventional 
methods the resonance case of the pumping sta- 
tion just described led to tbs realisation 
that the problem as handled so far is an In- 
determinate one and that this circumstance 
probably accounts for some of the discrepan- 
cies in the conclusions arrived at by previous 
investigators. 

A different approach to the problem ap- 
peared therefore advisable. After a few trials, 
the following procedure was devel<ped. Formula 
(2) can be modified to read: 



■ "reduced natural frequency" 
or the natural frequency at 
an average unit pressure on 
the ground equal to unity, 
in this case to one ton/sq. 


ft. 


Fig, 1 dLotra the recorded values 
plotted against sise of foundation area. Pre- 
sented are only tests concerning idiieh c(ms- 
plete information is available. Fieijaencies 
recorded due to vertical* exciting forces are 
mailed bv circles; crosses indicats horlsont- 
al exciting forces. Combined forces are design- 
ated ^ a combination of both signa, 

Ths Princeton value was obtained during 
teats with a 3 ia, disnetsr plungar in a 15 
in, diameter and 18 in. deep container filled 
with sand. 

Two values are Indicated for the puiping 



Average unit preasures on soil surface oi the 
cases recoided on fig. 1. 

FIG.2 



Reduced natural frequency versus area, 

FIG.3 

station. Ths one maiiced (1) is obtained if 
each compressor foundation is oonsidered as 
acting separately; one mailed (2) is ob- 
tained if the entire station area is consider- 
ed, Value (1) is believed to be tdie more logic- 




^12 




al one, 

0)116 seven California buildings are the 
only- rectangular buildings reported in Ref. 3 
which were founded on sand and which had a 
height not exceeding their smallest dimension 
in plan. 

Pig. 2 shows the correspondixig unit pres- 
sures on the ground. 

FiS* ^ gives the values of the reduced 
natural frequencies computed from Pig. 1 

and Fig. 2 according to formula (4). Hi^ 
values of vibratory forces, as in the case of 
the Princeton test data, can be included in 
the value of the unit pressure **p*^. 

It can be seen that a definite pattern 
emerges. !rhe most probable lines connecting 
values obtained on the same type of soil are 
shown in thick full lines, but a greater num- 
ber of later observations may change then to 
the extent estimated by the thinner dash-dot- 
ted line since sane scattering of results, 
similar to the one. recorded in California, is 
to be e^^ected. 

The pattern shown by Fig. 3 may he ex- 
plained as follows. For a given type of soil 
the value of the dynamic modulus of soil re- 
action in the formulas (3) and (4) changes 
with the size of the area. The ratio Wa/IVv* 
either remains constant for areas of tne sane 
shfi^e or varies only slightly. 

The effect of damping is alight and is 
included in other characteristics of a given 
t^ppe of soil* Second and even third harmonics 
are of course possible hut seem to lie out- 
side of the normal operational range of most 
machines. 

The effect of piles connected to the 
foundation in the conventional manner (Fig.4) 
appears to he slight. A rigid tensile connec- 
tion mifi^t take the mass of soil shown hatch- 
ed on Fig. 3 participate directly in the vi- 
brations of the foundation to the extent that 
its weight could be included in the value of 
the unit pressure "p** in formula (4). This 
point and its economic aspects, hbwever, re- 
quire erperimental verification. 


OONCLOBIOHS . 

1) Past attempts to determine from a few early 


eiqperiments of limited range the numerical 
values of the individual soil coefficients 
which Influence the natural frequency of ma- 
chine foundations have led different research- 
ers to conclusioxis which are at variance with 
each other and which, in some cases, are con- 
tradicted by later observations. 

2^ The cause of these contradictions lies in 
the intpos Sibil ity of determining from any 
number of observations on one soil the numer^ 
ical value of either one of the relevant soil 
coefficients - as the dynamic modulus of soil 
reaction, - without making some arbitrary as- 
sumptions concerning the value of the other, 
e.g. the average vibrating mass of i^e soil; 

- or vice-ve’rsa. Therefore, no greater success 
is to be expected from a continuation of this 
method of approach in the future. 

3) Kncouraging results have been obtained by 
means of the "reduced natural frequency 

’Wqt*” “fi'thod presented in this paper. The 
diagi^ams of values computed from the 

smaller number of so far available records on 
the matter appear to outline some definite re- 
lationships which may be used as a preliminary 
guide for design puiposes. 

4) I^irther experiments and observations along 
the same lines are needed to develop the 

method, to disclose possible limitations and 
to thereby permit its more precise use. 

Acknowledgement is expressed to Prof. 

E.V. Suppiger, Princeton University, for a 
review of the manuscript of this paper. 
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AB STaACT . 

in rewnt^yeMs^hls^stimulated ^e*ufe*o^a^hotoa*^*f^cll^t°^”“®®^^*^*^^® accomplished 

indicates relative DMmfabmtV «J?L texture, while surface drainage 

tain propertierif ^^ri^lacf^^Sial thereby reveal not onlTwr- 

materials occurring below the surface* Soil developments or unrelated 

tions. and vegeta??on i^ water condi- 

ere presented to perSit^he eva^lio^Sf intSSoL patterns, and test data 


IHTIPDUCTIOH . 

Basically, airphoto analysis depends icon 
a well-versed acquaintajoce with ground featu- 
res and soil charaoterisitics. The aerial pio- 
tu»8 provide a neans of mahing a deliberate 
and a detailed study of an area and an evalu- 
ation of the lajsd forms by an enlarged pers- 
pective, Theoretically, the same things that 
era be studied In the ^rphotos can be examin- 
ed on the ground; time and limited information 
prevent thia. The optiaua condition Is repre- 
sented by a judicious ground investigation 
guided by a photo-analysis. In most instances, 
to see a ground feature in its entirety is to 
^erstrad its origin, Its composition, and 
*5® Influence on the eurroundiig terrain. When 
standing on the ground, man is so dwarfed in 
By features of micro-relief that 
their outline and overall character la obscure 
or hidden. 

The land forms mentioned are, in general, 
the land forms of geomorphology. The broad 
rad general classification of land forms is 
not sitfficiently specific for the detailed 
mataent of engineering projects; therefore, 
when the geologists stops with third order 
1^ forms tvsileys. ridges, basins, etc. ;this 
work Mqulres identification of sub-forms or 
land forms of fourth and fifth order. This 
conation may be likened to two conxour mips 
of the same area; one map with 100 foot con- 
tour intervals may present a picture of the 
area suitable for general use but the details 


important to engineers are shown only on the 
map having a five-foot contour interval. 

The land forms considered in this work 
deal with the individual materials. Where 
"plateau" may indicate one of several sedi- 
mentary rocks, engineers must deal specifical- 
ly with limestone, or eandstone, or shale, 
or with combinations of these. Bach is a rock 
differing from all others in physical rad oft- 
en chemical properties. Because of these dif- 
ferences, they weather differently to assume 
characteristic forms related to their indiv- 
idual properties. 

Pedologists (soil scientists) have shown 
the relationship between the weathered soil 
profile (solum and the underlying parent ma- 
terial). In nearly all cases, the identificat- 
ion of the 1^ form establishes the type of 
parent material snd, therefore, the properties 
of the weathered soil material. In the devel- 
opment of this work it is necessary to work 
out the details of a particular land form and 
then to obtain a sufficient number of soil 
samples of the various types, within the land 
form, for the results to be statistically 
significant. 

n V, ^^*7® «0“«ider that the land fora estab- 
Ushea ^e general (or exact, depending upon 
the origin) nature of the material, then, it 
has served much as the sliding adjustment in a 
the object into appreadi- 
ate focus. It remains for the pedologle prin- 
ciples to serve as a micro-adjustment to bring 
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specific details of soil variations into focus. 

These principles are 'simply ejpressed in 
the statement that, within a parent material 
(land form) area similar soils are developed on 
similar slopes. The fact that similar soils 
develop in similar positions i.e. depressionsi 
or hillsides, is not confined to one particular 
area. Unless extremes of climate are introduc- 
ed. It will he found that soils produced hy the 
weathering of similar materials will he physio- 
ally alike regardless of geographic locations. 

The rock, the soil and the ground water 
are the three important factors influencing 
foundation sites. An illustration of the re- 
lationship between the land form and landslide 
is an example. Because of certain inherent char- 
acteristics, several land forms are highly sus- 
ceptible to land slide failures at their unsup- 
ported margins. The identification of these 
land forms implies the possibility of landslid- 
es. An examination of aerial views such as that 
in Figure 1 will shows the scars of old slides 
when they are present and indicate the probab- 
ility of new or continued sliding. 



(Scale: 1 in. = 1650 feet). This vertic- 
al photograph records the predisposition of 
these local materials to fail by sliding. The 
highway (white line) is located on sloping 
terrain. Recent (A) and old slides (B) along 
the unsupported face, running diagonally up-, 
per left to lower right, show that roads and 
structures near this face are susceptible to 
destruction by slides. Dense forest cover pre- 
vents adequate ground reconnaissance. The light 
gray area (C) which the road engineers attempt- 
ed to circumvent is a shallow swamp; its upper 
border marks the approximate limit of material 
susceptible to sliding. 

FIG.1 

At present, rapid strides are being made 
in many areas to add to the knowledge of the 
various land forms and their soil and other 
engineering relationships. In many areas the 
correlations have now advanced to a point where 
grain-size characteristics, Atterberg limits, 
and natural compacted density data can be 
anticipated. 

TYPICAL LAMP FORMS . 

The earth’s features may be divided into 
land forms so that each form presents separate 
and distinct soil characteristics, topography, 
rock materials, and ground water conditions. 


The bedrock land forms follow the conven- 
tional delineation with several notable excep- 
tions: granites are ultimately subdivided into 
low high quartz granites; soluble lime- 
stones are separated from the dolomites and 
young coraline limestones. Glacial drift is 
subdlvied into moraines, till plains, outwash 
plains, kames, eskers, drumllns, valley trains, 
peat bogs;aeoiian materials into sand dunes 
and loess. 

ffliile the various forms are usually reco^ized 
as geologic units, each has been classified 
primarily upon its physical characteristics. 

The following examples have been selected 
to illustrate the technique in representative 
land forms and in extreme climatic conditions 
of the arid and arctic regions. 

SOLUBLE LIMESTOME . 

The wide distribution of limestone on the 
surface of the earth, and the information exist- 
ing regarding the soil material weathered from 
these rocks , are considerations that make this 
pn excellent example of a bedrock land form. 

The soluble limestones weather to forms 
having combined characteristics that set them 
apart from all other types. These features are 
recognizeable in aerial photographs by those 
having the most elementary training, whereas, 
on the ground they may be indistinguishable to 
all but the expert. The identifying features 
ere found in the cross-section and profile 
characteristics of the v^leys supplemented 
by the presence of the sink holes in the up- 
land (Figure 2 ) and the relatively angular 
outline of the land form. This is represented 
in a plan (aerial) view by the line marking 



(Scale: 1 in. = 1650 feet) This vertical 
photograph records in exact detail the surface 
physical features an the numerous siiak holes 
identifying the soluble limestone bedrock. Wa- 
ter standing in the sinks marks those blocked 
with eroded soil. 

The majority are dry and free draining. 

The dark area (AJ is a group of forested clay 
shale hills differing in every way from the 
adjacent limestone. 

FIG.2 

the contact between the alluvium and the up- 
land, or between the limestone and an under- 
lying formation. Modification of this is found 
in the tropics under advanced stages of weather- 
ing aM also in tilted structures. Those lime- 
stones having exceptionally hi^ quantities of 
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chert also haye features distinguishing then 
froia the average* !Bie prooese of weathering 
reduces the Xiaestone to a reddish silty-clay 
soil varying in thiehness between one and twen- 
ty feet, fhoto-analysis identifies the land 
form as limestone; the depth of the mantle is 
estimated by reference to outcrops. By the 
procedure outlines, the general texture of 
these soils has been eetablished* Table 1 is 
an extract of data accumulated from the sam- 
ples of these soils* 

As a means of detecting significant var- 
iations from the general average, the relation- 
ship of soil colors (gray values on photo- 
graphs), the degree of erosion and the "chert” 
pattern are used as an index* 

WTTTP-TBANSPQKTJa) MATERIALS . 

The aeolian, or windblown soils, form ex- 
tensive and important deposits in maj^ parts 
of the world. They vary in size from the vast 
loess plains of north Obina, central Europe 
and the central United States, to relatively 
insignificant isolated deposits occurring in 
almost every country. The texture and the uni- 
formity of these deposits has been shown by 
local Investigations but only in isolated in- 
stances have there been efforts to bring the 
significance of these to the attention of en- 
gineers* 

Table 1 


Geographic Correlation of Limestone Soils 
Based Upon Some Atterbeig Limits 


Geographic Atterberg Limits 

Location Liauid Limit Plasticity Index 


U*S*- Alabama 

69.3 

27.6 

" - Arizona 

57.4 

33.9 

” - Indiana 

63.6 

29.5 

" - Kansas 

56.8 

28.4 

" - Kentucky 

59.1 

20.5 

" - Ohio 

65.0 

35.5 

” - Oklahoma 

60.0 

40.9 

" - Ifest 'Virginia 

54.1 

31.7 

W. Indies - 



Barbados (Tropical ) 

107.0 

79.1 

W* ladies- 



Puerto RicoCTrop.) 

61.8 

26.2 

E. Indiens- Papua 



(Tropical) 

68.5 

37.5 


Without exact data, soils at the follow- 
ing locations have been classified as in- 
dicated* 

Zanzibar, Tanganrtka, N.W* Africa, Spain, 
Greece, Turkey, Palestine, Trinidad, Cuba, 
Haiti and Java as medium heavy clay to 
fat waxy clay ranging from plastic to 
very plastic In consistency. 

In both the large and small areas, the 
photo-analysis establishes the identity of 
these materials* The loess and the sand dunes 
both have distinctive land forms* While there 
are some wide variations from the normal firms 
It has been observed in this work, that loess 
is usuallv deposited in ridges whose axes are 
approximately parallel. 

See Plgure 3* This tendency that is ap- 
parent in aerial photographs is lost to an in- 
dividual on the ground* Supplementing the land 
form phase of the Identification, there are 
the details of drainage and particularly the 
erosion forms shown in Figure 13 that are char- 
acteristic of silt* These can be relied upon 
the define the material and the extent of the 
area. In addition, gullies and slope details 
indicate the depth of the deposit* 



(Scale; 1 in. = 4750 feet) A vertical 
photograph of deep loess near the source* The 
axis of individual ridges have been indicated 
to emphasize the parallelism of this land form* 
Studies have shown the presence of very fine 
sand near the source (flood plain) with a re- 
placement by silt and clay at great distances. 
Samples listed in Tables II and III reflect 
their position with respect to the source by 
the amount of sand present or higher Indicies 
where sand was absent. Figure 15 shows a type 
of erosion typical in these loesslal materials* 

FIG.3 

The data shown in Tables II and III illus- 
trate the remarkable uniformity of texture and 
consistency regardless of geographic location* 
This is emphasized by the similar construction 
methods that are practiced in widely separated 
areas. These characteristics are so consistent 
that several highway departments have found that 
in the loess areas numerous elements of design 
ana construction achieve identical results, even 
though widely separated* On this basis, the 
"shrinkage” of the material between the excava- 
tion and the embankment is relatively fixed 
since the natural density and the compacted 
density are nearly constant values. Likewise, 
limited data on the amount of port land cement 
required to stabilize loess indicates that over 
considerable areas ten to twelve percent by VO 7 
lume has been satisfactory. Figure 4 illustrates 

Table II 


Grain-size Data on Yarious Loess Deposits* 


Geographic 

Location 

Percentages of: 

Sand Silt Olay 

China 

6*4 

67.1 

26.5 

Germany 

8.0 

66.0 

26.0 

Iowa 

6.5 

76.0 

17.5 

Nebraska 

13.0 

75.0 

12.0 

Illinois 

19.0 

73.0 

8.0 

Missouri 

15.0 

67.0 

18.0 

Idaho 

17.5 

6 O .5 

22.0 

Tennessee 

11.5 

72.5 

16.0 

Mississippi 

11.0 

83.0 

6.0 

Kansas 

9.0 

71.2 

26.6 

Washington 

6.8 

64.0 

29.2 

Wisconsin 

1.0 

68.0 

31.0 

Colorado 

11.0 

68.8 

20.2 

South Dakota 

2.0 

76.3 

20.4 

Louisiana 

4.0 

88.0 

8.0 

Kentucky 

0.6 

88.8 

10.6 
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a construction characteristic to be obseryed 
In all loess areas. 




Bench-type construction in loess. The rule 
of Tertical cut slopes introduces an element of 
Instability in deep cuts. In sub-humid climates 
of the northwestern U.S. ^d China simple slopes 
in 80 to 100 feet cuts have been satisfactory* 
Szcesslyely erosive , these soil materials re- 
quire sp^ial protection from l^unning water* 

The source area of the loess can be seen in the 
background* Back of the camera the loess extends 
as a ^adually thinning deppsit, for more than 
100 miles* (Courtesy: The Highway Magazine) 

FIG.4 

Table III 


Soem Physical Teat Resiilts on Loessial 
Materials 


Geographic 

location 

Idquid 

Limit 

Plastic- 
ity In- 
dex 

Max.Wt. 
(Dr7)lte 
/Cu. Ft. 
(Proctor) 

Optimum 

Moisture 

China 

Tennessee 

MissiBslppi 

Illinois 

Washington 

Missouri 

Mebraaka 

Indiana 

Iowa 

29. 

29.0 
51.8 
26.2 
50.7 

55.6 

52.0 

29.6 

28.0 

6.1 

4.9 

5.1 

5.9 

7.5 
16.5 

8.0 

7.6 

9*5 

104.5 

104.9 

106.2 

99.5 

18.2 

17.8 

15.5 

21.4 


Dune sand also presents a remarkable uni- 
formity that has been caused by the sorting 
action of the wind. The recognition of the dune 
form in airphotos establishes the limits of the 
grain size within a narrow range. Pigure 5 
shows a typical dune pattern in the sub-arctic. 
Similar dunes are commonplace in the tropics. 
Samples of dunes from the arctic coast to the 
southern hemisphere have furaished the statis- 
tical proof of their uniformity. A brief of 
this data is shown in Table IV. Having estab- 
lished the land form end the testure of these 
soils, observations and records indicate the 
best practice to be followed in dealing with 
them as subgrade or foundation material. Thus 
the concept of the land form provides a basis 
of ^i^arison for extending experience and prac- 
tice. ^ 

GUCUtgD HKlQgfl, 

The areas of the earth that have been In- 



(Scale: 1 in. = 165P ft.) This vertical 
photograph is of a heavily forested dune and 
swamp area. In spite of the cover the light gray 
of the dry sand is obvious. Recognizing the cha- 
racteristic form of dunes and estimating their 
distance from the source permits reference to 
Table IV for a close approximation of the grain 
size distribution* 


FIG. 5 

fluenced by glaciation may contain any or all 
of the land forms previously attributed to 
glacial or fluvioglacial origin. Of particular 
interest to engineers are the level, well-drain- 
ed terraces or "valley trains". These gravel 
and sand plains offer excellent sites for 
airports and highways since the essential 
feature of this land form Is its nearly level 
surface* While good sub-drainage is the rule 
in such ^eas an inspection of the aerial 
photos will show considerable variation in 
soil and drainage conditions, within the ter- 
race area. Figure 6 illustrates such an area, 
fief erring to the fundamental differences be- 
tween the relatively clean (quartz) sands and 
the mineralogical heterogeneous gravel-sapd 
mixtures it it possible to distinguish be- 
tween areas that are preponderantly’ sandy and 
those that contain appreciable amounts of gra- 
j vel. Differences in weathering characteristics 
and corresponding differences in gray tones 
are directly related. 

In many areas large quantities of sand 
and gravel are required for construction work. 
As aggregate, as base course material, or as 
fill material these granular materials are 
often of utmost importance. One of the notable 
land forms in which gravel and sand is found 
.is the esker. 

Whether in heavily forested areas or in other 
surroundings, the esker is easily located in 
airphotos* Figure 8 illustrates the striking 
for* of this type of glacial deposit. 

QUMATTfl prPLUEHCES. 

In areas where extremes of climate are 
e^erienced there are numerous influences that 
are not present under moderate climatic con- 
ditions. In such areas airphotos are particu- 
larly valuable because of the limited know- 
ledge of terrain conditions. Desert areas and 
the arctic regions are exanples of extremes 
of climate that exert great influence on soil 
and foundation conditions. 

The particular problems of the arctic 



(Scale: 1 in. = 6750 ft.) This vertical 
view presents the strong contrast in soil pat- 
terns fonnd in relatively impervious silty clay 
and that associated with gravels. The integrat- 
ed drainage pattern and the mottled black and 
white soil pattern mark two-fifths of the area 
as a silty clay. The relatively plain appear- 
ance of the central portion is a typical gravel 
pattern. The small irregular dark dots in this 
area are very slight depressions acting as ” in- 
filtration basins” for surface water. Although 
the area represents several square miles no 
surface run off occurs. Coarse gravel occurs 
in the light band that parallels the boundry 
between the two deposits. 

FIG.6 


A ground view of a terrace showing the 
flat surface, the associated upland and the 
recent alluvium in the foreground. The well 
defined edges, lack of surface drainage, and 
absence of gullies on the terrace face indic- 
ate the presence of gravel. (Photo: H.E. 

Nelson) 

FIG7 


TABIB IV 



echanical Analyses Of Dune Sends 

Geographic 

Location 

Number 

Samples 

Plus 20 

Sieve ^ 
Pass 20 
Ret. 40 

Lnahysis 
Pass 40 
Ret. 60 

< Ave.) 

Pass 60 
Ret. 100 

Minus 

100 

U. S, Nebraska 

20 

Trace 

3.9 

20.8 

66.1 

6.9 

" Wisconsin 

3 

O.A 

20.8 

33.4 

36.6 

8.6+ 

" Illinois 

8 

- 

2.1 

14.0 

69.9 

14.0 

N. Dakota 

5 

Trace 

9.2 

20.3 

58.9 

11.4 

” Kansas 

3 

n 

4.7 

24.3 

67.3 

2.6+ 

** Mas sachusett s 

2 

ft 

5.5 

23.4 

67.6 

2.3+ 

" Washington 

1 

6.0 

14.0 

41.0 

27.5 

11.5 

" Alaska 

2 

- 

- 

21.8 

58.2 

20,0 

British 







Columbia 

1 

- 

6.5 

31-2 

43.6 

17.5+ 

Peru, S. A. 

1 

- 

Trace 

0.5 

87.3 

12.3+ 

Laborador 

1 

- 

3.2 

26.6 

59.2 

11.0 

Churchill 







Manitoba 

1 

- 

6.6 

38.5 

54.7 

0.2 

Fan American Hny. 







0. A. 

1 

• 

0.5 

5.4 

59.2 

34.7 
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An oblique view of an esker* TMs gravel 
ridge resembling a long "fill” has an unmis- 
takable land form* Some eskers reach the length 
of 100 miles, others a few hundred yards .Lakes 
interspersed among bare granite hills comprise 
the balance of the area. (HCAF photo). 

FIG.8 



An oblique view of an area of frozen 
ground* The polygon pattern is formed by veocy 
slight depressions in which awsp grass is 
found* Arctic mess covers the su^aee on the 
interior of the polygon* Large masses of grov^ 
ice are coincident with the outlines* 



A block diagram showing a section of fro- 
zen ground and the relationship between the 
polygonal surface pattern and the massive 

ground ice* See also Figures 11 and 12* 

RG.10 



A •*wedge" of ground ice melting after the 
surface insulation of moss had been removed* 
The distance from the ground surface to the 
top of the ice is at^out 12 inches* 

FIG.11 


FIG.9 
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The result of stripping this area was the 
formation of a polygon "trench" system. There 
has been no erosion or loss of soil. The run- 
way in the backgroimd was similarly "dissect- 
ed." 

FIG.12 

are associated with areas where the average 
annual temperature falls below the freezing 
points under such circumstances the tempera- 
ture of the ground is generally below freezing. 
Perennially frozen ground, or permafrost, ex- 
ists under these conditions but the problem 
becomes critical only when water has been sup- 
plied to the soil and that water has been con- 
centrated into ice lenses and masses of groxind 
ice. The construction of buildings, roads, and 
runways or in fact any disturbance of the 
ground cover initiates melting and a result- 
ing excessive settlement. 

Photo-analysis of arctic areas is of 
value in that it permits Cl) the location of 
ice-free deposits of sand and gravel, (2) the 
subdivision of frozen soil areas into several 
stages of permafrost development and C3) the 
identification of those types of bedrock that 
are free of permafrost and those seriously 
altered by accumulated ground ice. 

Two general conditions are encountered. 

In areas where unconsolidated materials are 
present, the young deposits such as flood 
lain materials have ice present in minor 
enses and veins. In older materials the 
ground ice has formed into massive wedges of 
ice that are often several feet wide at the 
surface and ts^er downward to depths of as 
much as forty feet. In plan these wedges form 
into the polygonal pattern shown in Pigure 9* 
The block diagram in Figure 10 shows the re- 
lationship between the surface pattern and 
the sub-surface conditions. Figures 11 and 12 
show the wedge form of the ground ice and the 
results of disturbing these areas. 

ARID REGIOHS . 

In dry areas the excessive run-off oc- 
casioned by the lack of vegetation carries 
great masses of soil material and rock debris 
from the mountain slopes out Into the low val- 
ley areas typical of these regions. Aerial pho- 
tographs of these areas are of great value in 
selecting the beet available location for en- 
gineering works. Railroads and hl^ways, because 
of soli and water conditions are generally lo- 



Alkali flats are found in the arid re- 
gions of all continents* In addition to iden- 
tification of soil areas on the basis of text- 
ure, aerial photographs can be used to locate 
alkali soils, ground water seepage zones, and 
active channel areas. The white area in the 
foreground is crusted with salts of potassium, 
magnesium, sodium, calcium and other compoixnds. 
(Photo: H.E. Nelson) 

FIG.13 

cated on the transition slopes between the 
hills and valley floor. In this transition area 
the shifting channels and accumulating debris 
require detailed planning for the protection 
of the ri^t-of-way. The photographs provide 
the precise record of details that are neces- 
sary for proper original location and subse- 
quent protection. 

Pipe lines , and airports as well as the 
other transportation lines also must transact 
the "Basin" areas such as that shown in Figure 
13 . Within these areas the various textural 
groups of soil materials must be identified 
largely on the basis of microrelief indicat- 
ing the type of deposition and the gray values 
of the related soil areas. The gray tones alone 
have proved very accurate in typical areas. In 
these dry regions the presence of alkali, par- 
ticularly in depressions, inverts the usual 
order of tones by producing light tones in the 
low areas. These alkali flats are relatively 
important since in these hi^ concentrations 
of salts are to be found the same compounds 
used in the accelerated weathering or "sound- 
ness" teats of aggregates and concretes .Early 
disintegration of concrete and the rapid cor- 
rosion of pipe lines and metal culverts are 
associated with these alkali soils. 

For example, the United States National Bureau 
of Standards correlation shows that eight-inch 
steel pipes placed in such areas can be expect- 
ed to corrode and leak within five years. Sim- 
ilarly, muck soils (also clearly delineated in 
photographs) will corrode pipe within seven 
years. 

INDfiPJBNParT METHOD OF ANALYSIS . 

As a means of cross-checking the described 
method of axxalysls of soil and ground conditions 
or ^en the Identity of the land form is ob- 
scure, three elements of the soil pattern have 
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Areas aarked ”A** are volcanic vents re- 
presenting high rock aasses. Below them the 
sloping to level ground is composed of rock 
waste ranging from silt size to coarse gravel# 
These are assorted and transported hy water 
into the valley. The two carving black lines 
are a railroad and highway# Washouts caused 
by the numerous channels and eventual burial 
by debris are the results of improper location 
in these regions* 

FIG.14 

been established as indicators of texture and/ 
or other soil properties# 

A ND gjpSIOH# 

The amount and type of surface drainage 
on these land forms is related to slope and 
pexmeablllty of a land mass# Where there is a 
large amount of surface drainage on level to 
undulating relief, the soil material can be ex- 
pected to be relatively impervious, fdiile a 
lack of surface drainage indicates a porous 
land mass* Bacent alluvium is an exception since 
it is periodically refreshed by overflow. 

lot only does the presence of surface 
drainage indicate retarded internal drainage, 
but there is more to learn from the draixiage 
pattern# Gullies tnd drainage ways, possess dia- 
tlaotlve characteristics depending chiefly on 
the texture of the soil materials that are 
being eroded. Gully shines both in cross sec- 
tion and profila are Indicative of texture* 

Barth materials, such as ice-laid drift 
and vallay trains, that can be described as 
slightly cohesive are marked by short ,8harped- 
ged, V-shaped gullies having a steep but rather 
uniform gradient from head to foot* In contra^ 
gullies in plastic, cohesive soil materials 
have long, low, uniform gradients* In cross 
section these gullies will have well-rounded, 
sloping sides. Where these characteristics 
change in the length of a gully, a change In 
the soil profile is indicated* Where gullies 
erode throu^ a surface mantle and encounter 
a deep and contrasting sub^stratum, the cross- 
section shape will change# 

Broaion features of sand-clays and silts have 
distinct and individual eharaeteristics; their 
gullies, for instance, have a compound gradient 
^txA aire generally U*shaped in cross section# 

See Bigure 15. 

Since these features are ii^artially re- 
corded on an aerial photograph an interpreter 



Gully erosion in silts. These are U-shap- 
ed gullies both in plan and cross-section# As 
opposed to gullies in clays or granular mate- 
rials, these have a compound gradient. ’’Cat- 
steps" may be seen above the head of several 
of these gullies# Such erosion features are 
found in the loess areas of all continents# 
(Photos H#B# Nelson) 

FIG.15 

can make a deliberate and detailed study of 
this and other elements of the soil pattern. 

COLOH ^ 

Like other elements in the soil pattern, 
color is only a relative indicator of texture. 
Each element by Itself Is ordinarily Insuf- 
f Iclant avldence on idxich to base a judgment of 
texture; therefore. It is desirable to examine 
and evaluate each of these elements present in 
an area# This is usualjy^ practical since a 
single photograph will record nearly 10 square 
miles of area.ilght color tones (grays) 'are 
usually associated with well-drained soils, 
while clays,. principally because of their water- 
retention capacity, appear dso^# Weil-dralned 
silts, sands and asnd-gravel mixtu3?ea ^pear 
as light tones on aerial photographs* Such co- 
lor values are often ascribed to vegetation and 
cover crops* While surface cover ob^ously will 
tend to obliterate a soil color, there are few 
cultivated crops sufficiently extensive and 
dense to obscure entlrelv, the trend of the 
pattern# This condition is shown in Figures 5i 
6, and 8# 

Vegetation is a product, not only of soil 
and climate but of soil-climate -l*e#, the seme 
soil material occurring on different slopes 
will have different contents# This is partic- 
ularly important in tropical regions where 
long seasons of high rainfall are common. While 
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the geaeraX Impressioii gained from flying over 
a rain-forest area is one of monotonous unifoxm- 
itTf examination of aiiphotos of the same area 
will show definite vegetative patterns follow- 
ing corresponding trends in soil or drainage 
conditions. In spite of high rainfall, gravels 
and sands in well-drained positions will have 
a '*dry” soil-climate in contrast to other tex- 
tural combinations found in association with 
them. At the other extreme the dry climate of 
northern interior Alaska includes areas having 
a wet soil-climate regardless of teiture.These 


are coincident with the areas of perennially 
frozen ground, and here vegetation changes ac- 
cordingly. Consequently, in areas where the 
eco logic balance is undisturbed, vegetation 
will reflect subtle changes in the soil-climate. 

Combining these various elements of the 
soil pattern and interpreting them in the light 
of experience and principles that are univer- 
sally applicable makes airphoto interpretation 
a medium of obtaining and presenting informa- 
tion regarding the physical properties and con- 
ditions of surface materials. 
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COHRELATION BETV.’EEN PERMAPROST ACT SOILS AS IMDICATED BY AERIAL PHOTOGEUPHS 

K.B. WOODS 
JEAK E. HITTLE 
R.E, FROST 

Purdue University 


SUMMARY . 

This paper reports, in part, the results of a study covering the relationship between soil 
textures, soil position, vegetation, and permafrost as indicated by airphoto patterns of materi- 
als from Arctic and Subarctic regions. The work was performed by the En^neering Experiment Sta- 
tion, Purdue University, for and in co-operation with the St. Paul District, Corps of Ii^ngineers, 
War Department. This phase of the permafrost program has been under way since 19^5 covers 
both the airphoto identification features as well as field observations in many sections of the 
Territory of Alaska. 

On the basis of correlation surveys of many and varied areas it was found that the Terri- 
tory could be divided into a series of regions, each of which had characteristics peculiar to 
that region. These areas, in effect, are climatic-vegetative bands consisting of (1) Tundra Zone 
Permafrost; (2) Timber Zone, Permafrost; and (3) Timber Zone, Unfrozen. These areas, generally 
speaking, are representative of physiographic regions. 

In general each of these major areas produces a definite standard or t^ical a^photo pat- 
tern, the successful interpretation of which makes engineering soil evaluation possible. Even 
though the study is in the development stage, it has been found that airphotos can be used to 
evaluate and predict permafrost conditions. 


The correlation between permafrost-soil 
conditions and their corresponding airphoto 
pattern was made first by obtaining high-grade 
aerial photographs for several and varied areas 
throughout the Territory. The areas for air- 
photo coverage were selected so as to include 
a range of climatic and physiographic condit- 
ions; also, the areas were selected so that 
rock textures from several geologic ages would 
be represented. 

Experience has shown that trimetro gon aer- 
ial photographs having an approximate scale of 
1 ; 20,000 are best-suited to general airphoto- 
soil analysis. In addition it has been found 
desirable to obtain photo coverage of several 
square miles of a region so that all of the 
topogr^hic variations can be associated with 
each other and thus assist in the interpreta- 
tion of the physiographic land forms. The obli- 
que photographs of the trimetrogon series are 
extremely useful in identifying local and sur- 
rounding physiographic land forms. In those 
cases where detailed analysis is required the 
conventional vertical aerial photographs having 
a scale of 1 s 10,000 are well edited to the 
airphoto analysis of soils and permafrost con- 
ditions and should supplement the trimetrogon 
photo coverage. 

After airphoto coverage was obtained for 
the several areas throu^out Alaska, these air- 
photos were carefully studied. Detained office 


notes were made on the airphoto patterns for 
each of the areas being studied. This prelimin- 
ary analysis consisted of identifying, where 
possible, the physiographic land forms; the 
erosional features; the prevailing types of 
vegetation and their association with topograih- 
ic position. In those cases where the airphoto 
pattern could not be deciphered, the patterns 
were marked for field checking. Further, all 
available geological information covering the 
region being studied was reviewed and where 
this Information dealt specifically with the 
prevailing soil and rock textures additional 
notes were taken 

Following the preliminary airphoto analys- 
is, field parties were organized and were flown 
to the selected sites covered by photography. 
This feature of air transportation made it pos- 
sible to cover remote areas; also the field 
parties were able to obtain general information 
of the topography and vegetation of sections 
not covered by aerial photographs. 

The field work consisted of making detail- 
ed inspections of the local areas covered by 
photography. Borings were made to determine the 
characteristics of the soil profile. Field no- 
tations covered topographic position, the type 
of vegetative cover, the thickness of the organic 
surface horizon, the texture and character of 
the soil, and where possible the depth to per- 
mafrost. On the steep slope of bedrock areas 
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Airphoto pattern of a braided etream In a broad ^ 
silt-filled valley. In this instance permafrost 
prevails in the silt flood plains. 

FIG.1 

where the soil mantle was thin, practically all 
of these items were readily discerned by a 
visual inspection. However, in other sections, 
urtxere the soil mantle was well -developed, a 
number of borings were necessary to determine 
the representative profile conditions. By 
selecting typical topographic positions for 
making the soil borings, it was possible to cor- 
relate the soil and permafrost conditions with 
the respective airphoto patterns in a relativ- 
ely short period of time. 

Ground photographs were taken of the local 
topography, vegetation, soil profile exposures, 
as well as any other features pertinent to the 
phenomena of permafrost. The ”on— foot” inspec- 
tions were supplemented by low-altitude recon- 
naissance flints over the survey areas. Photo- 
graphs were taken of local features that would 
be of assistance in rendering an interpretation 
of the airphoto patterns. 

After the airphoto patterns for several 
areas had been correlated with the permafrost- 
soil conditions it was found that the Terri- 
tory of Alaska could be divided into a series 
of regions, each of ^ich have characteristics 
peculiar to the region in question. The Tundra 
Zone for the most part is confined to the 
Coastal Plain and Arctic Piedmont regions. This 
includes the region north from the Brooks Range 
to the Arctic Ocean, most of the Seward Penin- 
sula, and the Coastal regions adjacent to the 
lo^r reaches of the Yukon and Kuakokwim River 
valleys. The Timber Zone, Permafrost, in gener- 
al, lies between the Alaska Range and the Brocks 
Range. This region may be considered a low, in- 
terior plateau idiich is traversed by many large 
rivers, including the Yukon, Tanana, Koyukuk, 
and the Kuskokwim. The Timber Zone, Unfroxen 
includes the Coastal region south of the Alas- 
ka Range. This section Is rou^ topographic- 
ally and is timbered along the immediate coast 
line and the major river valleys. The influence 
of the Japanese current gives this region a 
mild climate ^ich is in contrast to the frigid 
climate of the interior regions. 

Tundra Zone. Permafrost 

The tundra xone Includes the Arctic Coast- 
al Plain, the Arctic Piedmont Region, and a 
major portion of the Seward Peninsula. The 
soils of the coastal plain sediments consist 
largely of fine sands, silts, fine gravels, 
and in some places, clays. The airphoto pattaom 



A typical airphoto pattern of a muskeg area in 
a broad, valley-fill region. The soils in this 
instance are frozen peat and silt. 

FIG. 2 

of the coastal plain is characterized by poly- 
gons, extremely flat topography, numerous elong- 
ated lakes and elongated sand ridges. Two types 
of polygons prevail, including the depressed- 
channel and depressed-center types. In each 
instance the presence of these polygons indicat- 
es that detrimental permafrost exists. Throu^- 
out a great portion of the coastal plain there 
are frost mounds (often called pingos) some of 
^Ich attain a height of 80 or 90 feet. The 
second important great soil area of the tundra 
zone is the Arctic Piedmont which lies between 
the Brooks Range and the Coastal plain. This 
is a broad, gently-tilted-shal e-plateau-1 ike 
region somewhat dissected by streams. The area 
contains clay and sandy shales, sandstones, 
broad alluvial flats of the river valleys, gran- 
ular terraces i and in places a mantle of fluvi- 
tile outwash which overlies the shale. These 
materials are also readily identifiable from 
airphoto a de’spite the general permafrost con- 
diton and absence of vegetation other than the 
tundra type. 

Timber Zone. Permafrost 

The soils of the interior region between 
the Brooks Range and the Alaska Range consist 
primarily of vast expanses of fine-grained al- 
luvial materials, bordered by low-lying hills 
of metamprpMc, sedimentary, and igneous rocks. 
The transitions in topography between the low 
rock hills and the flat alluvial areas consist 
frequently of colluvial materials. 

Generally speaking, the soil cover on the 
bedrock hills and the colluvial slopes la very 
thin; however, the soil mantle becomes thicker 
on the flatter portions of the colluvial slopes. 
There the ground slope is favorable to good 
runoff there is but little permafrost develop- 
ment; in contrast, however, the flatter ground 
slopes frequently contain permafrost. This is 
especially true v^ere fine-grained soil mater- 
ials are encountered. 

The airphoto pattern of the bedrock hills 
can be readily identified, in some instances, 
by the absence of vegetation; also the topo- 
graphic egression of the hills can be seen in 
either oblique photographs or in stereoscopic 
vertical {^tographs. The colluvial slopes also 
have a distinctive airphoto pattern* The sur- 
face runoff produces an aligoment of the sur- 
face vegetation which in turn gives a charac- 
teristic fan-llke-flow markings to the airphoto 
pattern for these coIluvlaX slopes. 
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Intense polygon development indicating detrimental 
permafrost • 

FIG. 3 

Glaciation has played an important role in 
the distribution of soil materials in this region, 
particularly in those areas addacent to the 
Brooks and Alaska Ranges* In the immediate vic- 
inity of these mountains- a wide range of glacial 
materials are to be found in the morainic depo- 
sits, granular outwash plains, and terraces* 

Also, streams emanating from the mountain glac- 
iers have produced extensive ^anular outwash 
plains and gravel terraces which form the bench 
topography that continues from the foothills 
of the mountain ranges toward the major stream 
valleys* 

Although there is some variation in the 
texture of the soil materials found in the out- 
wash plains and terraces, they are all distinct- 
ly granular and are therefore well -drained when 
they occupy elevated positions. For this reason, 
permafrost in the detrimental stage occurs only 
rarely in these materials. Accordingly, these 
granular outwash plains and gravel terraces 
make exceptionally good sites for the location 
of structures, whether they be cities, hi^ways, 
or airports. Moreover, the level topography of 
these granular deposits hold grading operations 
to a minimum* 

The airphoto pattern for the granular out- 
wash plains and gravel terraces can be identif- 
ied principally on the basis of their level 
topography and the dense stands of poplar, 
birch, and aspen trees which seek, naturally, 
well-drained locations for growth* Areas sup- 
porting these types of timber growth produce an 
airphoto pattern that is in distinct contrast 
to the patterns for areas covered with black 
spruce, which grows readily in poorly-drained 
locations and is the predominate type of tim- 
ber growth in the interior of Alaska. 

In addition to producing granular terraces 
and out-wash plains, the glacial streams have 
also produced a marked effect upon the alluvial 
areas* Enormous quantities of fine sands and 
silts have been deposited in the river and 
stream valleys, thus producing vast expanses 
of alluvial sands and silts, studded with small 
lakes, muskeg hogs, and. a lace work of stream 
meanders and meander scars* These features are 
readily seen in aerial photographs and serve 
to identify the airphoto patterns for alluvial 
areas* 

In alluvial areas permafrost prevails 
under practically all conditions, since the low 
topographic position makes water readily avail- 
able at all times* The surface vegetation con- 



An airphoto pattern of a dissected basalt 
plateau. Permafrost prevails in the soil mantle 
developed on the basalt* 

FIG.4 



Contrasting airphoto patterns of contrasting 
soil types are illustrated in this photo* Two 
materials, upland residual soils and colluvial 
materials, are shown. 

FIG.5 

sists principally of sphagnum moss, which grows 
vigorously and overlies thick deposits of peat* 
This vegetative mantle acts as a natural ther- 
mal insulation for the permafrost and is a dis- 
tinct factor in the growth and preservation of 
permafrost in these areas. 

The combination of extremely low tempera- 
tures, available ground water, and to a certain 
extent fine-grained soil materials, produce 
ground surface features called polygons, which 
are shallow, trench-like depressions connected 
in the configuration of a polygon. Polygons in 
the interior of Alaska are associated with the 
severest form of permafrost since massive wed- 
ges of clear ice are found frequently in the 
substratum of the polygon trenches* The fine- 
textured sediments of the alluvial areas abound 
with polygons, which form a distinctive air- 
photo pattern despite the fact that in some 
areas polygons are difficult to see by ground 
inspections* 

Timber Zone, Unfrozen 

!I9ie predominate soil materials south of 
the Alaska Range consist of glacial outwash 
sediments* This area is still one of many act- 
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iT« glaciers which continue to develop outwaah- 
es gravel terraces* In laany areas these 
glacial sedtAents have been laid down over de- 
posits of soft clay-shale and lignite of Ter- 
tiary Age. Because of the hi^^y plastic natuce 
of this clay-lihe aaterial it is an extreiaely 
undesirable engineering aaterlal and is to be 
avoided irtienever- possible# Pemafrost in this 
region is not a probles since the clisiate is 
relatively i^ld# A mean annual tenperature well 
above 32® F prevails. 

The airphoto pattern for the sand and 
gravel terraces can be readily identified on 
the basis of the bench-like topography and the 
bench— like topography and the predom in a n ce of 
decldlous tress i^ch seek well-drained loca- 
tions. The outwash areas which are extensive 
in this region contain "island" areas of sand 
and gravel terrace remnants which usually a 
growth of black spruce and are surrounded by 
shallow channels filled with moss and other 


vegetal debris* These features fora a distinct 
airpltoto pattern for the outwash areas. 


C0HCLP3I0JS 

Sven thou^ the work on this project is 
not complete, it has been demonstrated that 
aerial photographs can be used to identify 
permafrost in Arctic and Subarctic regions. As 
a result, alrphotos become an engineering tool 
in locating airports, hl^ways. and railways « 
not only in developed areas but also in relat- 
ively undeveloped regions where oiaps and other 
sources of information on soils and materials 
of construction are meager. In Arctic and Sub- 
arctic regions the detrimental permafrost 
areas can be determined from the aerial photo- 
graphs and structures can be designed with at 
least some knowledge of subsurface ice condit- 
ions. 
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ABBTAL PHOTOGRAPHS OSED FOR AK EHGINEBRING BTALUATIOH OF SOIL MATERIALS 

R#S, FROST and K.B. VOOBS 
Purdue University 


SYNOPSIS . 

This paper reports, In part, the results of studies covering the use of aerial photographs 
in determining the distribution of soils, the boundaries between unlike soils, and the engineer- 
ing characteristics of soils and soil materials occurring on or near the earth's surface. The 
work was initiated originally by the Joint Highway Research Project — an organization spon^red 
jointly by Purdue University and the State Highway Commission of Indiana. During the last World 
War, the air photo method was extended to cover a study of United States soils. C\ja?rently, Pur- 
due University is co-operating with the Corps of Sn^neers, United States Army in a field and 
laboratory study to determine the engineering significance of the aerial photograph pattern of 
permanently frozen soils* The air photo studies have been under way for a period of more than 
six years and some statements of progress have been published in technical journale and bulle- 
tins. This paper consists essentially of a summary of the developments resulting from these 
studies « 

The aerial ^otograph has become an important tool for all phases of Civil Engineering con- 
struction dealing with soils and rocks as surface material s-hlgbways, airports, location or con- 
struction materials, 8Uid many others. In modem engineering the aerial photograph is almost in- 
dispensable, be the job one of the construction of a draiziage map of a water-shed area, site 
selection for a highway, airpoxrt, or pipe line, or laying out the program for the sampling ope- 
rations necessary for completing a soil survey. 

Aerial photographs have been used extensively and for many years as an aid in developing 
soil survey maps for agricultural use. Bushnell states 25 F* 41; that "Host of the ^eas pu- 
blished since 1912 are considered to be at least reasonably good, although all sxnrveys laade af- 
ter 1929 meet higher standards of accuracy because they have been made with the aid or aerial 
photographs.** 


PROCBDURSS . 

The procedures which were and are used in 
developing the air photo technioue are logical 
and are easily followed. Essentially they con- 
sisted of detailed laboratory studies of serial 
photographs covering the specific areas follow- 
ed by Intensive field checks with the aerial 
photographs in hand. Step by step, the fine de- 
tails of the pattern of each aerial x^otograph 
were worked out in the field. By this method 
such items as 8oil-texttQ*e variations within 
the soil profile, ground^wat^ conditions, and 
topograpMc position were ^adually correlated 
with the pattern found on me aerial photogr^ 
The next step consisted of checking widely ae- 
P€|^«M areas idilch produced identical or neaz 


identical airphoto patterns. Thus, it was es- 
tablished that a given soil material, includ- 
ing the entire developed soil profile, produc- 
ed a specific pattern on the airphoto, which 
pattern was siidler for similar soil materials 
regardless of where or how far apart these si- 
milar materials occurred. The process', essen- 
tially, became one of "finger printing" the 
various materials within a region or regions. 

It was found that aerial photographs could 
be used with speed and accuracy in establishing 
boundaries between areas of dissimilar textured 
soils. Furtheimore, it was established early in 
the research that the resulting areas of siid.- 
lar soils frequently coincided, either directly 
or Indirectly, with areas mapped by pedologlcal 


525 


or geological aethoda* These ohaexrations led 
to ehe cosclualoxi that a thorou^ imderstazidliig 
of pedologT and geology was esaential In \i6ixig 
aerial phooograpna to determine the proceaaea 
of nature throng idiloh aollei hanre been develop- 
ed or transported* Finally* it waa determined 
that the 'aerial photograph recorded fine varlee 
tiona in textures of soils and that minute de- 
tails of a soil profile* generally* could be 
determined either by direct reading or by in- 
ference* Granular materials opcurribg in dunes, 
terraces* outvash plains* kames and eskers are 
among the most easily identifiable land forms 
and such rocks as limestones and trap can usu- 
ally be mapped with relative ease. Since the 
aa^al photograph can be used to determine char- 
acteristics of the soil profile* from the sur- 
face doeneard for several feet* it follows that 
one of the ultimate uses is that of developing 
engineerix)g soil maps for large geographical 
units* 

UMITATIOKS . 

Many years of research have brought out 
limitations to the use of aerial photographs 
in determining soil conditions* C&e important 
factor is the scale of the photograpb-the smal- 
ler the scale the less the amount of engineer- 
ing information ^Ich can be obtained* The pho- 
tographs must be used in stereo-pairs to devel- 
op e maximum of information. The time of year 
of flying is an important variable because of 
vegetation changes because of variations 
in soil-moisture content. Vegetative cover has 
some influence on the ultimate value of air- 
nhotoB in determining soil conditions* a dense 
fOTest cover being particularly serious. Cer- 
tain field crops* such as soy oeana* tend to 
obliterate the normal pattern* Finally* the 
ability, knowledge, and training of the inter- 
preter* limits the ultimate use of the aerial 
photograph* Irregardless of the composition of 
the print. 

BLBMEMTS OF THE PATTWN . 

There are numerous elements of the airpho- 
to pattern which must he studied and evaluated. 
Perhaps the most important of these is the po- 
sition topogra|&ic expression of the rock 
or soil material in relationship to the sur- 
rounding terrain. Of almost equal importwce 
are the drainage characteristics. Variations 
in drainage pattern are indicated by vege- 
tation and vegetative bands* by slightly de- 
pressed channel-ways which accommodate local 
run-off and idiich are xisually darker in color 
than are the surrounding soil-areas. The dark 
color is caused by increase in the organic con- 
tent and hy the fact that the soils In depress- 
ed areas contain a much higher moisture content 
than -Uie adjacent soils in a hi^er topographic 
position. Erosion characteristics are also im^ 
portant in studying the airphoto pattern since 
they reflect rather accurately variations in 
the soil profile and they present a clue to the 
over-all soil textnire. Finally* the agricultur- 
al usage* native vegetation, and man-made phy- 
sical features are important factors idiich 
must he considered* 

Tonogranhic Exncession . 

Certain textures of soil and rock materi- 
als are usually to ^ found In certain stan- 
dard topograplidc positions* the identification 
of which Is relatively easy in matched aerial 
photographs idaen viewed stereoptlcally. For a 
great many of such soil and rock materials* the 
topographic features present the first clue in 
deciphering the airphoto pattern and in the d^ 


termination of the class of material being 
studied* 

Because of the i^^ortanee of granular u- 
terials for engineering cox^tructlon* more than 
average emphaslis has been placed on their air- 
photo identification* In glacial regions at in 
mountainous country* terraces, valleytrains. 
and fan-shaped deltas at tiie foot of mountains 
are usually indicative of granular materials* 
Gravel terraces form promlzittit features of gla- 
cial streams* important airphoto elsments being 
flat-topped surfaces* steep faces adjacent to 
the etream proper* a slight tendency to develop 
a ^mottled** pattern* and the general absence or 
streams crossing the terrace* (Fig* 1). The 
definition* topographic position* and use as a 
source of graimar material of kames and eskers 
has been developed in detail and extensive 
treatment is not warrented here* 18)* 19)* Lake 
and coastal plain sands occur in level* subdued 
topographic positions ihlch* added to informa- 
tion developed on the erosion, drainage* and 
particularly vegetation pattern, will usually 
be adequate to identify the material textural- 
ly. (Fig. 2). 



The airphoto pattern produced by some granular 
soils is characterized by light color tones, 
cun^nt markings, flat topography, and a 
speckeled mottling. 

FIG.1 



This is a typical airphoto pattern of a flat 
Band plain in a humid region* 

FiG.2 



This illu8trat68 the photo pattern of one type 
of sand dune (arid cliaate). 

FIG.3 



SoM llaestones can be Identified by the presence 
of einkholea. 


FIG.6 



An illustration of sand dunes in a humid climate 
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Wind blown silt (loess) is characterized by 
parallel ridging, a pinnate golly system, and 
ll^it soft color tones* 


flat-lying clay shales reflect in a pattern 
containing softly rounded slopes, light and 
dark color tones, a dendritic drainage patteint, 
and saucer shaped gullies* 

FIG.7 

Wind-deposited materials lend themselves 
to relatively easy airphoto identification 
chiefly because of their topo^aphic peculiar- 
ities* Sands occur in wall-defined and easily 
identified ridges, hills, and dunes* (Fig* 3 
and 4). Silts occur in various topographic ex- 

f ressions, the most common of which is paral- 
el ridges* (Fig* 5}* 

The airphoto identification of soils de- 
veloped from the disintegration and decomposit- 
ion of rock In place is approached, lo^cally 
enough, by a study of the rock materials them- 
selves* Here again a knowledge of the various 
topographic forms, typical ox the material or 
materials in guest ion, gives a clue to the type 
of rock being studied* for instance, limestODes 
weather frequently to ^karst" topography, the 
more soluble types forming innumerable sink 
holes* The occur ance of "sinks” as illustrated 
in Figure 6 is almost certain proof of the rock 
material being limestone, and that tt^e surface 
soils are a product of the weathering of lime- 
stone rocks* In contrast deep shales weather 


FIG.5 






Thljoly bedded saed stone and shale (flat lying) 
produces a pattern characterized by a dendritic 
drainage systeit rugged topography, angularity 
in the topographic features, and V-shaped 
valleys. 

FIG.8 



This is the pattern of strata of massive sand- 
stone and massive shale* 

FIG.9 


Cv. ^ ..f 

r^- 

■ .-i- to 

■■ n-"-'# ... 






. ?-<■ 



■ ■ 

.. 1 


'■% ■ ■■■ ■ ; 







;-■ 



' 





... .. 

... 



„'‘’v 

i., . 




The Wisconsin glacial drift till plains are 
indicated by flat topography and an irregularly 
shaped light and dark mottling color tones* 

FIG.IO 


The till plains of the Illinoian glacial drift 
regions are characterized by the white fringed 
gully system* 

F1G.11 

to soft slopes and they fre^ently occupy de- 
pressed situations, (Fig. 7 )» Massive sand- 
stones frequently form cliffs and escarpments 
while interbedded shales with sandstones are 
usually dissected, (Fig, 8) which, in some in- 
stances, developea a banded pattern along the 
hill slopes, (Fig. 9.) 

Drainage. Erosion and Color Tone Characteris- 
tics* 

Till plains, being composed of deep de- 
posits of unassorted sands, gravels, silt, and 
clays reflect variations in topography in the 
vegetation, drainage, and color-tone patterns. 
Slight depressions accumulate and hold, in 
the soil, more water than do the adjacent 
slight rises; more luxuriant vegetation results , 
more organic material accumulates and the re- 
sulting pattern is dark in tone in contrast to 
a light tone for the adjacent, better drained 
rises. (See Fig. lO). Older drift materials 
are characterized by a silty texture of the 
s\irface horizons, flat topography, and a 
’’fringed'* gully system, (tig. 11). 

Much research has been performed on the 
correlation of the airphoto drainage pattern 
with rock and soil textures 9), 237. Granular 
soils, being porous, are practically barren 
of a drainage pattern (Figs, 1 & 2), while 
clay-like materials develop an intensive den- 
dritie pattern. Wind-blown silts, frequently 
develop parallel dendritic drainage patterns 
(Fig. 5) which is logical in considering the 
typical topographic expressions. 

The erosion pattern frequently can be 
used to develop information of fine detail 
covering the soil layers making up the soil 
profile. An important feature is the gully- 
system-the arrangement or plan of the primary 
or secondary drainage pattern. The primary, or 
first order drainage, consists of the indi^- 
dual field gully developments; the secondary 
or second order drainage pattern consists of 
the channels, or gullies, idiich receive the 
runoff from the primary gullies. The arrazige- 
m^t of the primary and secondary gullieslnto 
a gully system is a clue to the soil type, 
method of deposition (in some instances), pa- 
rent material, and soil texture* As sn example, 
loessial soils are drained by a pinnate gully 
system. Illinoian drift soils are drained by 
a white fringed subdendritic gully system, and 
for gravel terraces, gully systems are rarely 
developed because of the porous nature of the 
soils. Soil textures are indicated from the 
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cross-section and the gradient of individual 
sullies* Detailed stereoscopic study of aerial 
photographs makes it possihle actually to 
visuaEze gully cross-section ax^ nraoient* 
firieflyt a T-^ped gully accompanied ty a 
short steep gradient t indicates granular or 
aoni-granular veil drained soils) U-shaped 
gullies (hox-Xike section) indicate sand clays 
and loessial soils; hroad saucer-shaped and 
veil-rounded gullies accompanied hy a long uni- 
form gradient indicate poorly drained clays and 
silty clasy (cohesive soils)* 

Soil Color* 

The soil color* as indicated in alrnhotost 
consists of tones ox gray ranging ftom black 
to vhite (Fig* 8)* The color tones reflected 
indicate the relationship betveen soil texture t 
topographic positlonf moisture contenti and na- 
tural color tones* Proper evaluation of color 
tones is difficult and often misleading because 
of topographic position and climatic influence* 
For example » in a humid region it is possible 
for sand to photograph ”bXack** adjacent to sand 
vMch will photograph "vhite"* In certain glac- 
ial drift soils it is possible for o»anic 
silts and silty clays to photograph "black ad- 
jacent to more sanular soils vhlch vLll photo- 
graph "vhite"* !mu8« the elsmexit photo soil- 
color tone is misleading unless other elements 
are evaluated such as topographic position, 
gully systems, or scnie ower feature which will 
identi^ the materials* In arid regions color 
tones are o^en low in contrast because of the 
absence of soil moisture* If the interpreter 
properly evaluates the climatic influence, to- 
pographic position and other elemenbs then t^ 
soil color tone as an element is of extreme im- 
portance* Brosional features, vegetative cover, 
and mannaade physical features are Important 
in suggesting or indicating the climatic in- 
fluence and the local soil moisture variations* 
In areas of intense agricultural activity the 
natural vegetative cover has been destroyed and 
field patterns predominate* The physical featur- 
es shoving the influences and practices of ma n 
are governed by climatic conditions, soil type, 
arid other surrounding natural featizres* Thus, 
the manHsade features are indirect clues to 
soil types. 

SOIL SURVBY* MAFP1KG> AMD MATBRIALS SURVEY . 

Soil survey and mapping for highways and 
airports can be simplified oy the use of air- 
photos after the pattern or patterns of the 
materials being mapped are understood* 

From a study of airphoto index sheets of 
large areas, such as a county or a watershed 
area, it is often possible to map the general 
areal soil boundazles merely by Inspection of 
the outstanding features of each soli type* It 
follows that soils mepping In many cases con- 
sists merely of separating parent-material 
areas or separating major air^oto patterns* 

Within any general soil parent material 
area there may be many local variations In soil 
texture, and other engineering characteristics* 
T^se are due to topographic variations and 
differences in weathering* Detailed mapping, 
particularly along soil boundaries, is done 
study of individual photographs made to a much 
larger scale than that of the index sheets 
(a scale of 1:20,000 la preferred)* In many in* 
stances it is possihle to map areal soil bor- 
ders to within a few hundred feet of the exact 
border. 

Soil surveying in the field can be simpli- 
fied by considerable study of alrphotos of an 
area prior to actual field sampling* The most 
efficient method consists of performing the 


airphoto interpretation and field planning dur- 
ing winter months, followed by actual field in^ 
spections and sampling during the summer. After 
tne major soil areas have been determined and 
delineated from the photographs repesentative 
locations can be selected for detailed study 
and sampling by the field party* Because soils 
A«a airphoto patterns are repetitive in nature 
it is not necessary to obtain profile samples 
at fixed intervals; rather samples are taken 
only fdiere a diange in soil areas is indicated 
on the aizpotoB* Thus, detailed profile samp- 
ling need oe performed only in transition zones 
while a minimum of profile sampling Is needed 
in any given parent-material region* Quite of- 
ten one or two profile samples are typical of 
large areas such as broad gravel outvash plains, 

t ravel terraces, and plains, loess and certain 
edrock areas* The obtaining of additional sam- 
ples other than these would be duplication of 
effort, and ax^ variations that may occur in 
the ph^lcal ^araeterlstlcs would be within 
reasonable engineering' design criteria. 

Perhaps one of the most important use of 
the alrphotos for the engineer is In the study 
of materials and the prediction of soil char- 
acteristics and related engineering problems* 
detailed study of the elements of the pat- 
tern it is possible to determine by Indirect 
means the soil texture and natural drainage 
characteristics* Other properties, such as the 
classification tests limits and field densities, 
can not discerned directly by photo interpreta- 
tion* However, it is possible to predict such 
values about a soil once the airphoto pattern 
of that soil type has been thorou^^ly studied 
and correlated with the engineering test data 
of similar soils which develop a similar air- 
photo pattex^n which have been field checked 
and anidyzed in the laboratory* Thus, a silty- 
clay-drift material in one section of the couiw 
try need not be actually sampled in the field 
to detei^ne Its characteristics* If the pat- 
tern is similar to that of a silty-clay-drift 
in another area idiich has been sampled and 
tested then the characteristics may be predict- 
ed within the required limits of design* 

Within the past few years a new method has 
been developed for obtaining continuous strip 
photos at a low altitude* ifie process and the 
application of the method of making a perfor- 
mance survey has been described by Hittle 11 )* 
Figure 12 shows the type photograph and the 
fine detail which can be obtained with the con- 
tinuous 8t3^p process* 


SUimARY OF HBSULTS AHD CONCLUSIOMS , 

In sumaary it is Is^rtant to point out 
that large-scale resear^ is being co-ordinated 
with routine work to develop further the air- 
photo techniques* Some currently active Indiana 
projects include 1) the development of an en- 
gineeriig soil map of the state with particu- 
lar emphasis being placed on the location and 
distribution of construction materials, 2) 
the development of a drainage map of the entire 
state, coxistructed to a very fine detail, ^) 
lov-eatltude strip filming for use In ma^ng 
highway performance and location suxryeys and 
4) co-operation with various governmental units 
in developing information for hi^way and air- 

? ort site selection and in locating constiuc- 
ion materials* 

These project studies have already yielded im- 
portant results: soil and location maps have 
been pxrepared from aerial photographs for seveir- 
al dozen major airfields in the Uxdted States; 
the aerial ^^otographs have been used in esta- 
blishing the location for seventeen county air- 
fields In Indiana; detailed drainage maps for 
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The importance of subgrede eoiXe in the 
performance of a Portland cement concrete 
pavement la illustrated in this low altitude 
strip photograph of an Indiana pavement* 


FIG.12 


thirty Indiana counties have been completed 5 en- 
gineering soil maps for five Indiana counties 
are complete; performance surveys have been 
made on several dozen miles of highways by 
using low^altitude strip maps; and preliminary 
soil surveys have been made from aerial photo- 
graphs for many Indiana highway projects. 

On the basis of detailed study in the 
field and laboratory over a period of years 
the following conclusions have been reached; 

1) Surveying via the media of airphotos makes 
it possihle to locate and map engineering 

materials more accurately » more efficiently, 
more rapidly, and at a greater savings in cost 
than by other means, 

2) Information required for the use of making 
surface drainage maps and engineering soils 

maps can be obtained more completely from air- 

?hotos than from any other means, especially 
n regions where the soils, drainage, and re- 
lief of the land are complex, full of detail, 
and often inaccessible. ) 

5) Only surface and near surface materials and 
patterns can be observed and dete&ined; 
however, in some instances subsurface condltims 
can be inferred with a hi^ degree of accuracy, 
h) Low altitude continuous strip photos con- 
stitute an excellent tool for correlating 
highway and airport pavement performance with 
subgrade soils. 
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Tffp PERMAFROST INVESTIGATION IN ARCTIC AND SUBARCTIC RBGIOM 
WALTER K. WIISON, JR. 

Colonel, Corps of Engineers District Engineer, St. Paul District 


SUMMARY . 

An intensive study of permafrost by the Corps of Engineers, St. Paul District, under the 
direction of the Chief of Engineers, was started in 1945 because of 

ures at airfields in Alaska and a desire to determine the best designs and const^ct ion methods 
for arctic and subarctic regions. The field work has included studies of airfi^ds 
during the last war as well as an experimental plot developed at Fairbanks, Alaska for an inten- 
sive study of foundation conditions. Weather and ground temperature data are bei^ correlated 
for varioi^ points in Alaska. Thermal properties of soils are being deterained at the University 
of Minnesota, and field investigations are being made by Purdue Universi^ to develop methods of 
locating the best possible airfield sites from aerial jhotographa. From the studies in progress, 
it appears that it will require several years of observations to develop design criteria and 
methods for cozistruction of airfields in arctic and subarctic regions. 


Permafrost, or permanently frozen ground, 
Is usually found in varying thicknesses below 
tne surface of the earth in regions where the 
mean annual temperature Is below 0® C. (See 
Figures 1 and 2). The permafrost phenomenon 
is quite extensive and covers about one-fifth 
of the world's land area* In the northern 
hemisphere, permafrost is found in about 80^ 
of Alaska, 50% of Canada, and practically all 
of Siberia. Althou^ its origin Is not known, 
it is believed that permafrost was formed 
during the Ice Age. It exists both as a con- 
tinuous layer and as discontinuous layers. 
Where it exists as continuous layers, its 
thickness has been found to range up to about 
1500 feet. The permafrost is generally over- 
lain by an active zone all, or the upper part, 
of which freezes each winter. (See Figure 8). 


It has been known for a long time that 
permafrost exists in Alaska, northern Canada, 
apA Siberia, however, its effect on construc- 
tion had not been studied prior to World War 
II, except by the Russians who have made in- 
vestigations in Siberia for many years as a 
result of failures of structures along the 
Trans-Siberian Railroad. Many of the Russian 
studies have been concerned with obtaining 
basic information relative to the factors 
which influence permafrost, as well as ob- 
taining solutions to various engineering pro- 
blems which have been caused by disturbing 
the natural regime of peimafrost. Their In- 
vestigations, as well as our own, indicate 
that important factors irtiich influence perma- 
frost are climate, ground water, vegetation 
and soil characteristics. 
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Horizontal ice ledges In the lower portion of 
a placer exposure. Frozen peat and silt 
separate the ice ledges* 



5 July 1947 Concrete foundation in permafrost. 
Ground ice below topsoil layer is shown in 
background • 

FIG.3 


FIG.1 



5 July 1947 Ground ice and frozen silt in a 
foundation excavation. 


FIG.2 

American engineers were confronted with 
probleoia associated with permafrost during 
construction of the Alaska Highway in nor- 
thern Canada and Alaska. Here the permafrost, 
in many places, was only a foot or so below 
the ground surface. (.Se® Figure 3)« Upon re- 
moval of the vegetation which is a natural in- 
sulator, the ground thawed rapidly and where 
fine-grained soil was present, serious dif- 
ficulties were encountered in operating con- 
struction equipment. l‘his problem was over- 
come, in some cases, by immediately backfil- 
ling the excavated area with sand and gravel 
to a sufficient depth to prevent further low- 
ering of the permafrost surface and, in other 
cases, by constructing 'the road fill on the 
natural vegetative cover. As a by-product of 
permafrost, drainage ditches along the high- 
way in cut sections frequently became filled 
with ice during the winter season and, In 
many instances, the icing would overflow the 
roadway to a considerable depth interfering 
with normal use of the Ughway* (See Figures 
4 and 9)« This condition was principally 


caused by the seasonal freezing downward from 
the surface of the ground under the ditch 
meeting the permafrost table which forced the 
ground water in the hillside to break out 
slightly upstream from the ditch. It has been 
possible to overcome this difficulty to some 
extent by clearing the natural insulating ma- 
terial from a strip of land uphill from the 
roadway and constructing a ditch and dike 
perpendicular to the direction of the ground 
water movement to permit intercepting, con- 
veying or storage of surface and ground water 
away from the road. (See figure 10). 

The presence of permafrost also caused 
p]?obleiii3 in the construction of many air- 
fields which were built in Alaska during the 
recent war. Problems encountered in the con- 
struction of runways were essentially the 
same as thosb encountered in the construction 
of highways. Considerable damage was caused, 
in some instances, where sufficient insulat- 
ing material was not substituted for the 
natural cover which was removed end where the 
fine-grained frost heaving material was not 
replaced by aonfrost heaving material. As a 
result, the runways of certain airfields had 
to be reconstructed. Problems also were en- 
coxmtered in connection with heated buildings 
in which conditions became progressively 
worse as the heat flowed into the ground over 
a period of time and caused the melting of 
the permafrost. (See Figure 11). Where the 
thawed soil was fine-grained, it lost most 
of the stability which it had while in a 
frozen condition and, as a result, the buil- 
dings placed on It settled and in some cases 
were severely damaged. It was as a result of 
these failures that the investigation of air- 
field construction in arctic and subarctic 
regions was initiated by the Chief of fingin- 
eers and assigned to the St. Paul District, 
Corps of Engineers, in January 1945. 'The in- 
vestigation is still in progress under the 
general direction of the writer. It is ex- 
pected that the investigation will continue 
for several years. The purpose of the inves- 
tigation is primarily to develop design cri- 
teria construction methods for airfield 
pavements, structures and utilities located 
In arctic and subarctic regions. Objectives 
of various phases of the investigation in- 
clude ; 



12 April 19^7 Bncroachment of ice fielc on 
highway, iNote artificial thawing of ditch and 
c divert • 


FIG.4 



15 October 1946 View of permafrost researcn 
area near fairbankSt ala8ka» 

FIG. 5 

a) . Study of tne penormance of existing air- 

field installations on permanently frozen 
ground. 

b) . i'he observation and correlation of the 

relationship between climatic conditions 
and soil conditions throu^out Alaska* 
c^. I'he determination of the thermal proper- 
ties of typical soils from Alaska by 
laboratory tests* 

d) . iitudy of neat transfer in soils and in- 

sulatl^ materials and applications to 
design of runways , roads and buildings on 
permanently frozen ground. 

e) . Heview of literature in ii;aglish and fo- 

reign languages on permafrost and con- 
struction thereon. 

f) . Development of a metnod of identifying 

permafrost areas and soil types from 
terrain characteristics shown in aerial pho- 
tographs. 

g) . Investigation of the applicability of 

geophysical methods to use in the lo- 
cation of permafrost in localized areas. 
Studies are now being made to attain 




September 1946 Aerial view of ground polygons 
near Fairbanks » Alaska. 

FIG.6 

the above objectives by field forces in Alas- 
ka, by engineers at the university of Minne- 
sota and Purdue University, and by District 
Office personnel. Field forces in Alaska un- 
der the jurisdiction of the St. Paul District 
Engineer are comprised of engineers, soils 
technicians, temperature observers, core and 
chum drill operators, and surveyors. Labo- 
ratory work is being done on thermal proper- 
ties of soils and insulating materials by 
the university of Miimesota and on inter- 
pretation of aerial photographs by Purdue 
University under contract with the Government. 
The information collected is being analyzed 
by the Office of the St. Paul District En- 
gineer. It is expected that the analysis will 
result in the development of the desired de- 
signs and construction procedures. 

For tne^ purpose of determining the per- 
formance of 'existing airfield installations 
on permanently frozen ground, observations 
are presently being made at iHortnway Airfield, 
Alaska (see Figure 7 for location) and, as 
new airfields are constructed in the perma- 
frost region of Alaska, it is planned to make 
additional installations of equipment and 
make observations. The investigation at the 
airfields includes the making of core or 
churn borings, with a maximum diameter of 
eight inches, in the permanently frozen 
ground to depths of 30 to 75 feet and the in- 
stallation of equipment for measuring tempe- 
ratures in the boring holes at various depths 
below the surface* Observations of tempera- 
tures are made at regular Intervals, i'ne bo- 
rings are logged and samples recovered are 
tested for their physical characteristics. 
Ground water wells are established through- 
out the area and vertical movement observat- 
ion points are installed along the runways 
and in and adjacent to structures. From the 
observations made during the past two years 
at Northway, It is indicated that the perma- 
frost under the runway has stabilized at a 
depth of about 10 feet below the surface as 
compared to a normal depth of about ^ feet 
in the undisturbed grouM. They also Indicate 
that the permafrost surface under the hangar 
is receding progressively downward until it 
has xiow reached a depth of 24 feet below the 
floor level. Although vertical observations 
Indicate a maximum settlement of one foot 
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on the hangar floor and abutments, no ap- 
parent failure of the structure is eminent* 

The investigation of the existing and 
proposed airfields dit not provide certain 
basic information concerning various other 
types of construction that were considered 
desirable* In order to obtain this informa- 
tion, a research area was constructed near 
Fairbanks, Alaska in an area of fine-grained 
soil where the permafrost surface is from 
3 to 4 feet below the ground surface* (See 
i'igure 5)* ihis research area has been di- 
vided into three subareas: 

Area One, which has been subdivided in- 
to four parts, is being used principally to 
detemine the effect of climate factors such 
as air temperatures, solar radiation, wind 
velocity, humidity, cloudiness, and precip- 
itation* One part has been left in its na- 
tural state; the second has been cleared of 
trees and brush but has not been stripped; 
the third has been cleared of trees ai^ 
brush and stripped to a depth of 12 inches* 
The fourth part is designed for solar radia- 
tion observations and is composed of tnree 
concrete slabs, 30 feet square and 6 inches 
thick. One slab has a natural concrete sur- 
face and the other two slabs are painted 
black and i^lte, respectively, to determine 
the effect of color on the transfer of solar 
radiation into the ground. Temperature mea- 
surizig instruments, vertical movement ob- 
servation points, and grou^ water wells 


have been installed in or near each part of 
the section. Automatic temperature recording 
apparatus has been installed in the part de- 
signated for solar radiation observations. 

Area Two is composed of 26 runway sec- 
tions, each of which is 50 feet square, with 
a temperature well in the center of each 
section. The depth of the base course varies 
from two to twelve feet and the runway sur- 
faces are concrete, asphalt and gravel* In- 
sulating materials, including spruce boughs, 
moss, ?.G* Foamglas, Zonolite concrete, and 
Cell concrete, have been included in the 
base course in several of the sections. Cell 
concrete is a product ^ich is made in a spe 
cial mixer using a Banish foam compound to 
produce a light weight, air entraining con- 
crete, Zonolite concrete is made with Vermi- 
culite, an expanded mica aggregate and P.C. 
Poamglas is a commercial slab-type insula- 
tion material. As the insulation materials 
have insufficient compressive strength for 
direct loading, they were placed in a layer 
2 feet below the pavement surfaces. Prior to 
placing the base course for 23 of the test 
sections, the natural ground surface was 
stripped to a depth of one foot. The base 
course for the remaining three sections was 
placed on the natural ground. It is expected 
that, from a careful study of the transfer 
of heat through each of the lunway sections, 
a guide for the dosing of an econonical and 
stable runway can be developed. 
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natural pamafroat coodltlone. 


FIG.6 



FIG.9 



Induced fields of surface ice controlled • 

FIG.10 



Effect of heated building on permafrost table* 


F1G.11 

Area Three includes two types of ex- 
periments. The first is a study of different 
types of foundations under eleven heated 
buildings, eight of which are 16 feet square 
and three ^2 feet square, buildings are heat- 


ed to a temperature of 15^ C. and ground 
temperatures are measured weehly in several 
veils under each building. The base course 
under five of the small buildings is gravel 
ranging in thickness from two to six feet* 

One small building is placed on mud sills 
directly on the natural ground surface. The 
remaining two small buildings are supported 
on wooden posts extending 2? feet above the 
natural ground surface to allow free air 
circulation under the building* One large 
building is placed on a foundation composed 
of a concrete slab with an intermediate in- 
sulating layer of hollow tile blocks through 
ihich air can be circulated. The second 
large building is supported on wooden piles 
set into permafrost with a 5 toot air space 
above the ground surface. The third large 
building has a raft type concrete foundation 
placed on a 5 foot gravel fill* Reinforced 
concrete posts support the building about 3 
feet above the raft type foundation and per- 
mit air circulation under the building. The 
second type of experiment in Area Three is 
being made to determine the effect of depth 
to embedment of piling in permafrost on re- 
sistance to displacement by seasonal frost 
action in the ground zone above the perma- 
frost. 

As a supplement to the investigations 
at Northway Mrfield and at the Research 
Area near Fairbanks, an investigation is 
being made to determine relations between 
climatic and ground conditions throughout 
the permafrost region of Alaska. For this 
study, ground temperature measuring equip- 
ment was installed in 20-foot deep boring 
holes at each of 13 weather stations. Ob- 
servations of ground temperatures as well as 
climatic conditions are being made at these 
stations and the data collected are being 
studied. 

Tests are being made by the Engineering 
Experiment Station of the University of Min- 
nesota, under a contract with the Government, 
to detemine the thermal conductivity and 
specific heat properties of certain soils, 
rock types, and insulating materials at 
various densities, moisture contents, and 
temperatures. Additional information con- 
cerning these tests may he found in the fol- 
lowing papers by Miles S. Kersten who is in 
charge of this work for the University of 
Minnesota: "Thermal Conductivity of Soil", 
"Apparatus for Measuring Thermal Conductiv- 
ity of Soil", and "Specific heat Tests on 
Soil". As the various reports on tests and 
observations from the university of Minne- 
sota, field sources In Alaska, library 
theoretical studies are collected, it is 
planned to correlate the data, evaluate the 
resiilts and produce, if possible, guides for 
the design and construction of airfields in 
permafrost areas* 

The feasibility or using aerial photo- 
graphs in identifying permafrost areas on 
the ground is being investigated by Purdue 
University under a contract with the Govem- 
rnent* From a field and office study af sur- 
face characteristics such as drainage, topo- 
graphy, vegetation and tree growth, as shown 
on aerial photographs, a technique has been 
developed whereby it is possible to select 
from the photographs, areas where construc- 
tion can be successfully carried out as well 
as those areas which should be avoided* 

Figure 6 shows the pattern of ground poxy- 
gons, en Indication of fine-grained soil 
ground ice which provide poor foundation con- 
ditions* The outlines of the polygons, as 
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Bhovn on figure 6. are forned by a series of 
ice wedges inclosing silt or fine-grained 
soil areas. Xt has been demonstrated in tne 
United States that studies of aerial photo- 
graphs can eliadnate long and extensive 
ground explorations where an investigation 
is being made to determine the most suitable 
site in a large area and that brief ground 
eaplorations can then confirm the selected 
locations. Details concerning the techniques 
developed are contained In the paper entitl- 
ed "Correlation Between Permafrost and Soi Is 
as Indicated by Aerial Photographs" by K.B. 
Woods and others of Purdue University. 

Studies have been made to determine the 
feasibility of using geophysical methods for 
the location of permafrost. Both seismic and 
electrical resistivity methods have been 
tried the latter method appears to have 
the better chance of successful application. 
However, the results obtained to dai;e have 
not been entirely satisfactory, and it ap- 
pears that further studies must be made to 
prove or disprove the practicability of 
using geophysical methods for the intended 
purpose. 


CONCLUSIONS 

It appears that it will require several 
years of observations in various locations 
and under a variety of conditions to deter- 
mine thermal characteristics of permafrost 
areas and to develop design criteria and 
construction methods. Although definite con- 


clusions cannot be made at this time, there 
are certain trends or tentative conclusions 
which engineers should consider in connec- 
tion with new construction in arctic and sub- 
arctic regions, ihese trends are based on 
library research and on the results of this 
investigation. 

Site selection is very inportant and, 
wherever possible, structures should be lo- 
cated on coarse-grained materials where the 
lowering of the permafrost surface will not 
cause deleterious settlement of the struc- 
tures. 

In areas where there is danger of sett- 
lement of structures due to melting of the 
permafrost, a space suitable for circulation 
of fresh air should be provided under heated 
buildings to prevent heat transfer into the 
ground. 

In the construction of roads and run- 
ways, no fine-gained frost heaving soil 
should be permitted in the ground zone sub- 
ject to seasonal frost. 

Where there is danger of icing over roads, ‘ 
consideration should be given to cause in- 
duced icing some distance from the structure. 
Where possible, roads should be located to 
avoid side hills and incident icing problems. 

vvhere complete information is available 
concerning soil characteristics and the ex- 
tent of permafrost at a given site, it is 
possible through proper construction methods 
to avoid deleterious settlement of structures. 
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